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GENERAL INTRODUCTION 
The wall-less bacteria of the class Molîlcutes (formerly called 
mycoplasmas) are classified Into three orders: the Mycoplasmatales, 
which Include the sterol-requlring genera Mycoplasma, Ureaplasma, and 
Spiroplasma; the Acholeplasmatales, which Include the sterol-nonrequlring 
genus AcholepTasma; and the Anaeroplasmatales, which Include the sterol-
requlring Anaeroplasma and the sterol-nonrequlring Asteroleplasma. 
The Mycoplasmatales and Acholeplasmatales have been studied for a 
number of years because of their Importance In human and animal medicine. 
In addition, Horowitz (1984) has proposed that because the molîlcutes are 
the smallest, free-living cells with small genomes and limited metabolic 
capabilities, they should serve as model organisms In an investigation of 
minimal requirements for independent cellular life. Many aspects of the 
carbohydrate, purine, pyrimidine, arginine, and urea metabolism and of 
the membrane physiology in the Mycoplasmatales-anà Acholeplasmatales have 
been elucidated. On the other hand, the first strictly anaerobic 
mo111cute was not described until 1973, and little is known about the 
intracellular metabolism of the Anaeroplasmatales. Therefore, I 
investigated some aspects of the physiology of the strictly anaerobic 
molîlcutes. 
In this dissertation, some enzymic activities associated with 
carbohydrate, purine, and pyrimidine metabolism were described for 
Anaeroplasma intermedium and Asteroleplasma anaeroblum. The most 
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distinctive feature noted in these organisms was the presence of several 
pyrophosphate-dependent (PPi-dependent) enzymes; some of these enzymes 
had been detected previously in other mollicutes by other investigators. 
These PPi-dependent enzymes occur infrequently among most bacteria. 
However, because these enzymes occur with greater frequency in the 
Mollicutes, six species of walled bacteria proposed to be 
phylogenetically related to the Mollicutes based on rRNA-sequence 
analyses were examined for PPi-dependent enzymes. The demonstration of 
one or more PPi-dependent enzymes in each of the walled bacteria is a 
general phenotypic indicator of the phylogenetic relatedness of these 
bacteria and the Mollicutes, and the distributions of the PPi-dependent 
enzymes among these bacteria correlated with phylogenetic subdivisions of 
this group based on 16S-rRNA analysis. 
Dissertation Format 
This dissertation is in the alternate thesis format; it includes two 
sections that are manuscripts. The manuscript that forms Section I has 
been accepted for publication in Archives of Microbiology. Section II is 
a manuscript that has been submitted to the International Journal of 
Systematic Bacteriology. A general literature review precedes the first 
manuscript, and a general summary and discussion follows the second 
manuscript. There are separate lists of references for each of the 
manuscripts as well as a separate list for the literature review and 
summary and discussion. 
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The doctoral candidate, James P. Petzel, was the principal 
investigator In these studies with the exception of the examination of 
the Embden-Meyerhof-Parnas pathway in Anaeroplasma Intermedium and 
pyrimidine metabolism in Asteroleplasma anaerobium. The data for these 
studies were collected by David DeSantis and Marshall V. Williams of the 
Ohio State University, respectively, using cells provided by the doctoral 
candidate. In addition, the doctoral candidate provided cells used in 
the investigations of McElwain et al. (1988) and Weisburg et al. (1989) 
and is co-author on those reports. 
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LITERATURE REVIEW 
The Class Molllcutes 
Introduction and history 
Prokaryotes that are devoid of cell walls are grouped in the Class 
Molllcutes. These organisms are very small (0.1 to 0.3 pm in diameter), 
and they can pass through membrane filters that retain other bacteria. 
Molllcutes are divided into three orders, the Mycoplasmatales (Freundt et 
al., 1984; Razin and Freundt, 1984), the Acholeplasmatales (Freundt et 
al., 1984), and the Anaeroplasmatales (Robinson and Freundt, 1987). 
Unlike these eubacteria, the remaining organism in the Class Molllcutes, 
Thermoplasma acidophilum, is an archeobacterium (Razin and Freundt, 1984; 
Woese et al., 1980)., and it will not be discussed further. 
The term "molllcutes" is currently used to refer to wall-less 
bacteria (Razin and Freundt, 1984). Previously, the term "mycoplasma" 
was used to refer to either any wall-less bacterium or specifically to 
members of the genus Mycoplasma, causing confusion. In the present 
discussion, the term "molllcutes" will be used, even when discussing 
publications that appeared before the term was invented. The names 
"mycoplasmas", "ureaplasmas", "spiroplasmas", and "acholeplasmas" will be 
used to refer to members of the respective genera. The term "strictly 
anaerobic molllcutes" will be used to refer to members of the family 
Anaeroplasmataceae. For clarity, the generic name "Anaeroplasma" will be 
abbreviated "An.", "Asteroleplasma" will be abbreviated "As.", and 
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"Acholeplasma" will be abbreviated "4.". 
The first isolation of a mollicute was by Nocard and Roux in 1898 
(cited by Smith, 1971), who reported that they had isolated the 
etiological agent of contagious bovine pleuropneumonia, which they 
believed was a virus. Dujardin-Beaumetz (cited by Hayflick, 1969) was 
the first to cultivate this mollicute on a solid medium; he described the 
distinctive colonial morphology of mollicutes. This morphology, often 
referred to as a "fried-egg" colony, consists of a dark center that 
penetrates the medium, surrounded by a lighter periphery. In the first 
half of this century, similar mollicutes were isolated from a variety of 
animals, and these organisms became known as "pleuropneumonia-like 
organisms" or "PPLO". This term was eventually supplanted by the name 
Mycoplasma (Hayflick, 1969). The agent of contagious bovine 
pleuropneumonia is now called Mycoplasma mycoides subsp. mycoides. 
Oienes and Edsal1 reported the first Isolation of a mollicute from a 
human in 1937, but it was not until 1962 that Chanock et al. provided 
etiologic proof of the Involvement of a mollicute in a human disease, 
primary atypical pneumonia. Today, this organism Is called Mycoplasma 
pneumoniae. 
In 1936, Laidlaw and Elford isolated a mol11cute from sewage that 
they believed was a saprophyte. Another strain of this organism was 
later isolated from the bovine genital tract (Edward, 1950). This and 
related species do not require sterols, and thus, they were placed into a 
separate genus, Acholeplasma (Edward and Freundt, 1970). It is now known 
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that acholeplasmas are parasites of animals and insects, as well as 
saprophytes of plants (Tully et al., 1988). 
In 1956, Shepard described a mol11cute associated with nongonococcal 
urethritis that produced very small colonies. First called "T-strains" 
and eventually named Ureaplasma urealytlcum (Shepard et al., 1974), the 
pathogenic involvement of this organism in nongonoccal urethritis was 
confirmed by Taylor-Robinson et al. (1977). 
Spiroplasmas, often associated with diseased plants, were first 
observed by microscopy, but they were mistaken for spirochaetes (Pou1 son 
and Sakaguchi, 1961). They were observed twice in the 1960s, but they 
were thought to be either a virus or a spirochaete (Whitcomb and Tully, 
1984). It was not until 1973 that they were well-characterized as 
mollicutes (Saglio et al., 1973). 
The strictly anaerobic mollicutes from bovine and ovine rumens were 
first noted by R. E. Hungate because of their ability to lyse Gram-
negative bacteria (Hungate, 1966, 1970). One strain of these bacteria 
was characterized by J. P. Robinson and Hungate (1973) and assigned to 
the new species Acholeplasma bactoclasticum. I. M. Robinson and 
colleagues (Robinson, 1973, 1979; Robinson and Allison, 1975; Robinson et 
al., 1975) were also able to Isolate strictly anaerobic mollicutes from 
the rumen, as were Prins and van der Vorstenbosch (1975). I. M. Robinson 
and Allison (1975) determined that Acholeplasma bactoclasticum ^as not a 
true acholeplasma because it utilized sterols obtained from Gram-negative 
cells added to the medium. Because the organism failed to grow in 
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sterol-free medium, the mollicute was transferred to a new genus, 
Anaeroplasma, that was created to accommodate strictly anaerobic 
mollicutes (Robinson and Allison, 1975; I. M. Robinson et al., 1975). 
MVCODlasmatales 
Facultatively anaerobic, sterol-requiring mollicutes are classified 
as Mycoplasmatales, the first order to be established among the 
mollicutes. This order contains two families, the Mycoplasmataceae and 
the Spiroplasmataceae. In those Mycoplasma and Splroplasma spp. that 
have been examined, NADH oxidase activity is usually localized In the 
cytoplasm, whereas the activity is membrane-associated in the 
Acholeplasmatales (Pollack, 1975, 1978; Whitcomb and Tully, 1984). More 
recently, however, exceptions to this proclivity have been reported 
(Pollack et al., 19846). 
The MvcoDlasmataceae The organisms in this family have genomes 
of 5 X 10® d in size (Razin and Freundt, 1984); this is the smallest 
known genome of any free-living organism (Stanbridge and Reff, 1979). 
The validity of these genome-size determinations has recently been 
questioned. Using pulse-field electrophoresis. Finch and co-workers 
(Pyle et al., 1988) determined that the genome sizes of U. urealyticum 
and M. mycoides subsp. mycoides were 0.6 x 10® d and 0.9 x 10® d, 
respectively. However, Maniloff (1989) maintains that DNA with low G+C 
content, like that of mollicute genomes, exhibits anomalous behavior when 
subjected to pulse-field electrophoresis. 
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The Mycoplasmataceae usually do not synthesize lipids from acetate 
(Herring and Pollack, 1974; Pollack et al., 1984a; Razin 1975, 1978). 
Romano, however, reported that some freshly isolated ureaplasmas have 
this ability but lose it upon subculturing (cited by Pollack et al., 
1984a). Members of this family are usually parasites or pathogens of 
warm-blooded animals (Razin and Freundt, 1984). 
The genus Hvcoolasma The G+C contents of the DNA of 
Mycoplasma spp. range from 23 to 40 mol%. The G+C contents of most 
species are under 33 mol%; many are below 30 mol% (Freundt and Razin, 
1984). Such a low G+C content of a genome is remarkable because the 
theoretical minimum necessary to code for proteins of normal amino acid 
composition is 26 mol% (Elton, 1973). Mycoplasma spp. may or may not 
ferment glucose and hydrolyze arginine; no species hydrolyzes urea 
(Freundt and Razin, 1984). 
Because of their wall-less state, the membranes of moHicutes have 
been intensively studied both for the description of mollicutes and for 
the understanding of membrane biology in general (McElhaney, 1984, 1986; 
Razin, 1975, 1978). Mycoplasmas can be distinguished from the 
acholeplasmas by their ability to incorporate exogenous phospholipids 
(Razin et al., 1980; Rodwell, 1983; Rottem et al., 1986). Whereas most 
Mycoplasma spp. do not modify exogenous phospholipids, the biologically 
distinct, flask-shaped mycoplasmas (Kirchhoff et al., 1984) modify 
phosphatidylcholine to the disaturated state (Rottem et al., 1986). 
Mycoplasmas tend to have an unsaturated fatty acid residue at the number 
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one position of phosphatidylglycerol and a saturated moiety at the number 
two position; this is the converse of most organisms (Rottem and 
Markowitz, 1979). Razin (1982) suggested that the sterol requirement of 
mycoplasmas stems from the inability of most species to modulate membrane 
fluidity by de novo fatty acid synthesis or selective incorporation of 
appropriate fatty acids. 
Many Mycoplasma spp. have been isolated from humans and animals with 
various pathological conditions. However, a definite pathogenic etiology 
has been established for fewer mycoplasmas. Some of the well-
characterized mycoplasmal diseases of animals include: contagious bovine 
pleuropneumonia (,M. mycoldes subsp. mycoides); pneumonia, mastitis, and 
arthritis in cattle (W. bovis)] contagious caprine pleuropneumonia (M. 
mycoides); contagious agalactia in sheep and goats (W. agalactiae); 
caprine infectious keratoconjunctivitis (W. conjunctivae); enzootic 
pneumonia of pigs (W. hyopneumoniae); nonsuppurative arthritis in pigs 
(W. hyosynovlae); respiratory infections in chickens and turkeys («. 
gallisepticum and M. synovlae); and respiratory infections in rodents (W. 
pulmonis) (Jordan, 1979; Razin and Barile, 1985; Tully and Whitcomb, 
1979). 
In humans, the involvement of M. pneumoniae in primary atypical 
pneumonia has been unambiguously demonstrated (Razin and Barile, 1985; 
Tully and Whitcomb, 1979). There is good evidence to support the 
association of mycoplasmas with arthritis in immunosuppressed individuals 
and arthritic sequelae of M. pneumoniae infections (Razin and Barile, 
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1985). The role of M. homlnis and M. genltalium in diseases of the 
urogenital tract is less clear (Razin and Barile, 1985). 
Many more Mycoplasma spp. have been isolated from diseased animals, 
but their involvement as primary pathogenic agents is unclear. However, 
it should be noted that mycoplasmas and mollicutes in general may be 
important co-factors in pathological conditions caused by consortia of 
two or more microorganisms (Jordan, 1979; Lemcke, 1979). 
The genus Ureaolasma These sterol-requiring mollicutes, 
with a genome size of 0.5 x 10® d, are distinguished from mycoplasmas by 
their very small colony size and by their unique ability among the 
mollicutes to hydrolyze urea (Shepard and Masover, 1979; Taylor-Robinson 
and Gourlay, 1984). The hydrolysis of urea to CO2 and NHs by these 
organisms was reported simultaneously by Shepard and by Purcel1 et al. 
(cited by Shepard and Masover, 1979). 
Research on ureaplasmas has been hampered by the yields of cells; 
maximum yields are 10? cells per ml (Razin, 1978). Yields were even 
smaller until it was determined that ureaplasmas have a lower pH optimum 
(pH 6.0) than that of mycoplasmas (pH 7.6 to 8.0) (Shepard and Masover, 
1979). Ureaplasmas grow best under 5-100% CO2, depending on the medium. 
Ureaplasmas isolated from humans have DNA with G+C contents of 26.9 
to 28.0 mol%, whereas the G+C contents of DNA of animal ureaplasmas range 
from 28.7 to 30.2 mol% (Taylor-Robinson and Gourlay, 1984). Human 
ureaplasmas, which cause nongonococcal urethritis, have been named 
Ureaplasma urealyticum (Shepard and Masover, 1979). Bovine strains are 
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classified as Ureaplasma diversum (Howard and Gourlay, 1982), while other 
animal ureaplasmas remain unclassified. 
The SolroDlasmataceae (genus SDlroolasma) The other family In 
the order Mycoplasmatales Is the Splroplasmataceae, with Its single genus 
Spiroplasma. These sterol-requlring organisms are distinguished by their 
helical morphology, rotatory motility, and their exclusive association 
with arthropods and plants (Whitcomb and Tully, 1984). The helical 
morphology Is not apparent under all conditions. The nature of the 
helical shape and the motility In the absence of a rigid cell wall and 
flagella Is an enigma that has not been resolved (Saglio and Whitcomb, 
1979). 
Unlike the other members of the Mycoplasmatales, spiroplasmas have a 
genome size of 1 x 10^ d. In addition, spiroplasmas have an abundance of 
plasmlds and episomes, unlike the other molllcutes (Nur et al., 1986; 
Ranhand et al., 1987; Razin, 1985). Like Mycoplasma spp. and some 
Ureaplasma spp., spiroplasmas cannot synthesize fatty acids from acetate 
(Whitcomb and Tully, 1984). 
Spiroplasmas are associated with pathological conditions in a wide 
variety of hosts (Whitcomb and Tully, 1984); citrus stubborn disease (S. 
citrl); corn stunt disease (S. kunkelil); May disease of honeybees (S. 
apis); lethargy disease of the Melolontha beetle (S. floricola); and 
maternally inherited male lethality in Drosophlla (the spiroplasmal sex-
ratio organism). 
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S. ml rum has been associated with several human and animal 
pathological conditions, but no definite causal relationship has been 
established. S. mi rum can experimentally cause cataracts in suckling 
mammals (Whitcomb and Tully, 1984), and this spiroplasma also has been 
reported to transform mouse and monkey cells in culture (Kotani et al., 
1986). In addition, BastIan et al. (1987) reported that ant1sera to 
scrap1e-assoc1ated fibril protein reacted with fibril protein from S. 
mirum, prompting these researchers to suggest a relationship between 
spongiform encephalopathy and spiroplasmal infection. 
Acholeolasmatales (family Acholeplasmataceae. genus Acholeolasma) 
Acholeplasmas are facultatively anaerobic, sterol-nonrequiring 
mollicutes that have membrane-associated NADH oxidase and a genome size 
of 1 X 109 d (Freundt et al., 1984; Tully, 1984). These organisms 
metabolize glucose, but they cannot hydrolyze arginine or urea. Unlike 
mycoplasmas, Acholeplasma spp. have lactate dehydrogenase that is 
activated by fructose-1,6-b1sphosphate (Neimark and Tung, 1973). 
Acholeplasmas isolated from animals synthesize lipids from acetate, but 
insect- and plant-associated acholeplasmas cannot (Pollack et al., 
1984a). 
Acholeplasmas are able to modulate membrane fluidity by carotenoid 
synthesis, selective incorporation and elongation of fatty acids, and, in 
some instances, de novo synthesis of fatty acids. These abilities may be 
the basis of the sterol Independence of the acholeplasmas (Razin, 1982). 
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Acholeplasmas are found 1n association with animals, plants, and 
insects (Tully et al., 1988). Although they are usually not considered 
pathogens, there are some indications of isolated cases of disease. For 
example, A. axanthum has been associated with disease in adult geese and 
ducks, as well as reduced hatchability of goose eggs (Tully and Whitcomb, 
1979). 
Anaeroplasmatales (family Anaeroplasmataceae) 
When I. M. Robinson and Allison (1975) determined that the strictly 
anaerobic molli cute Acholeplasma bactoclastlcum required sterol and thus 
placed it in a new genus Anaeroplasma, they also described the isolation 
from the rumen of other strictly anaerobic mollicutes. These strictly 
anaerobic mollicutes were nonbacteriolytic, and those that required 
sterol were placed in the new species Anaeroplasma abactoclasticum 
(Robinson et al., 1975). Other nonbacteriolytic strains were bona fide 
sterol-nonrequiring organisms. Robinson et al. (1975) did not name these 
sterol-nonrequiring strains, nor did they assign the new genus 
Anaeroplasma to a higher taxon, because they believed that the strictly 
anaerobic nature and other similiarities of these organisms did not 
substantiate the division of this group based on sterol requirement. 
Because sterol-requirement had always been an important criterion in 
the classification of the mollicutes, the suggestion that the sterol-
requi ring and -nonrequiring strains of the strictly anaerobic mollicutes 
be classified together met with opposition (Subcommittee, 1977). 
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However, further work determined that the strictly anaerobic molllcutes 
were serologically distinct from bovine mycoplasmas and acholeplasmas 
(Robinson and Rhoades, 1977). The various sterol-requlring strains of 
the two species of Anaeroplasma could be divided Into four distinct 
species by DNA-DNA hybridization experiments; there was little homology 
with DNA from M. homlnis (Stephens et al., 1985). Similarly, the DNA 
from the sterol-nonrequlring, strictly anaerobic molllcutes did not 
hybridize significantly to the DNA from nine Acholeplasma spp. (Stephens 
et al., 1985). 
Although the sterol-requlring and -nonrequiring, strictly anaerobic 
molllcutes could not be classified in the same genus, the serological and 
DNA hybridzation experiments demonstrated that these organisms were 
distinct from the Mycoplasmatales and the Acholeplasmatales. 
Furthermore, while the sterol-requlring Mycoplasmatales have a genome 
size of 0.5 X 109 and the sterol-nonrequlring Acholeplasmatales have a 
genome size of 1 x lO® d, both the sterol-requlring and -nonrequiring, 
strictly anaerobic molllcutes had a genome size of 1 x 10® d 
(Christiansen et al., 1986). 
Based on these investigations, Robinson and Freundt (1987) made 
three taxonomic proposals. First, in addition to An. bactoclastlcum and 
An. abactoclasticum, two new species {An. Intermedium and An. varium) 
were created to accommodate the clustering of the sterol-requlring 
strains as determined by DNA homology (Stephens et al., 1985). Second, a 
new genus with a single species, Asteroleplasma anaeroblum, was created 
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for sterol-nonrequiring, strictly anaerobic molllcutes. Third, the 
genera Anaeroplasma and Asteroleplasma were placed In a new family (the 
Anaeroplasmataceaé) and a new order (the Anaeroplasmatales). Thus, all 
the strictly anaerobic molllcutes are classified together, but they 
remain divided at the genus level based on sterol requirement. 
The anaeroplasmas and asteroleplasmas have a G+C content of 29.3 to 
33.7 mo1% and 40.2 to 40.3 moiX, respectively (Robinson and Freundt, 
1987). The strictly anaerobic molllcutes ferment carbohydrates but do 
not hydro!yze arglnlne or urea, and they do not synthesize lipid from 
acetate (Robinson, 1973, 1979, 1984; Robinson and Freundt, 1987; Robinson 
et al., 1975). Like other strictly anaerobic bacteria, Anaeroplasma spp. 
contain plasmalogens (Langworthy et al., 1975). The proteolytic and 
bacteriolytic abilities of an anaeroplasma were studied by J. P. Robinson 
(1971), and he tentatively concluded that a single enzyme was responsible 
for both activities. Thusfar, all anaerobic molllcutes have been 
isolated from cattle and sheep; attempts to Isolate them from wild 
ruminants (deer) and monogastric animals have been unsuccessful (J. P. 
Robinson, 1971; I. M. Robinson et al., 1975). Rose and Pirt (1981) 
reported the isolation of an anaeroplasma from sewage sludge, but some 
mycoplasmologists have expressed concern about the validity of this 
organism as a mollicute, as well as a second isolate of Rose and Pirt, 
"Methanoplasma elizabethll" (Board of Directors, 1983; Subcommittee, 
1984). 
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Hvcoplasma-Uke organisms 
Organisms that have typical mollicute morphology have been observed 
by electron microscopy in sieve-tube elements of plants with yellows 
diseases and in the salivary glands of associated insect vectors (McCoy, 
1984). These mycoplasma-like organisms (MLO) have not been cultured, and 
thus, little is known about their biology beyond the symptomology of the 
associated diseases and their transmission by Insects (McCoy, 1984; 
Whitcomb and Tully, 1979). However, the recent cultivation of the 
spiroplasma responsible for the sex-ratio trait in Drosophila, 25 years 
after its discovery (Hackett et al., 1986), indicates that further 
progress on the study of MLO is possible. 
Further reading 
Many aspects of the mollicutes are discussed In detail in Bergey's 
Manual of Systematic Bacteriology (Razin and Freundt, 1984) and in the 
four-volume set. The Mycoplasmas: I. Cell biology (Barlle and Razin, 
1979); II. Human and animal mycoplasmas (Tully and Whitcomb, 1979); III. 
Plant and insect mycoplasmas (Whitcomb and Tully, 1979); and IV. 
Mycoplasma pathogenicity (Razin and Barlle, 1985). Methodology is 
discussed In the two-volume set. Methods in Mycoplasmology: I. 
Mycoplasma characterization (Razin and Tully, 1983) and II. Diagnostic 
mycoplasmology (Tully and Razin, 1983). Readers interested in specific 
areas of mycoplasmology may consult Hayflick (1969) and Smith (1971) 
(history); Barlle et al. (1985) and Bové and Tully (1984) (pathogenicity 
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and control of molllcutes); and Razin (1985) (molecular biology). 
Physiology of the Molllcutes 
The physiology and genetics of molllcutes are of considerable 
interest because these organisms are the smallest, free-living biological 
entities known. Morowitz (1984) proposed that molllcutes should be 
thoroughly studied on the physiological and genetic levels to determine 
the minimal requirements for independent life, or, as Morowitz refers to 
it, "the logic of life". 
Two major facets of physiology are energy production and 
biosynthesis. The literature dealing with lipid metabolism in molllcutes 
(binding and incorporation, modification, de novo synthesis, membrane 
proteins and fluidity, and transport) is voluminous. I did not examine 
lipid metabolism, and thus, it will not be discussed further. Readers 
interested in this area may consult McElhaney (1984, 1986) and Razin 
(1975, 1978). 
The bulk of the metabolic studies of molllcutes has been conducted 
with Mycoplasma and Acholeplasma spp. Less is known about ureaplasmas, 
spiroplasmas, and especially the strictly anaerobic molllcutes. J. P. 
Robinson and R. E. Hungate (1973) determined that Acholeplasma 
bactoclasticum AJCC 27112 [Anaeroplasma bactoclastlcum (Robinson and 
Allison, 1975)] fermented a variety of carbohydrates; acetate, formate, 
lactate, COz, and hydrogen were produced from galactose. I. M. Robinson 
and colleagues (1973, 1975, 1979, 1984) reported that the strictly 
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anaerobic moHicutes fermented starch, producing acetate, formate, 
lactate, ethanol, and CO2. Production of hydrogen, succinate, and 
propionate, and stimulation of growth by different monosaccharides and 
disaccharides varied between strains. 
Except for the study of acetate kinase activity in mollicutes by 
Muhlrad et a1. (1981), the intracellular metabolism of carbohydrates by 
the strictly anaerobic mollicutes has not been examined. Muhlrad et al. 
(1981) reported that Anaeroplasma abactoclasticum and Anaeroplasma 
intermedium TLA? did not have acetate kinase activity. Thus, the 
mechanism by which these strains produce acetate (Robinson and Allison, 
1975; Robinson et al., 1975) is unclear. 
McElwain et al. (1988) examined other intracellular enzymic 
activities of eight mollicutes including An. intermedium These 
findings will be discussed in the section on purine and pyrimidine 
metabolism of mollicutes. 
The only other studies of the physiology of strictly anaerobic 
mollicutes were the characterization of the extracellular bacteriolytic 
and proteolytic activities of An. bactoclasticum and the extracellular 
amylase of An. bactoclasticum 5LA [dm. Intermedium (Robinson and Freundt, 
1987)]. Some of the anaerobic mollicutes can lyse Gram-negative cells 
that have been previously disrupted by heat, freeze-drying, or other 
means (J. P. Robinson, 1971; J. P. Robinson and Hungate, 1973). Robinson 
(1971) also noted that Acholeplasma (.An.) bactoclasticum fJCC 27112 was 
proteolytic. Both activities were reversibly sensitive to O2, and 
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Robinson tentatively concluded that the proteolytic and bacteriolytic 
activities were the same enzyme. 
Jost (1979) developed a medium for the production of an 
extracellular amylase by An. bactoclastlcum ( intermedium) 5LA and 
partially purified the enzyme. The most salient characteristics of the 
enzyme were Its high degree of activity on maltotrlose compared with 
other amylases and the fact that the main products were glucose and 
maltose. 
In contrast to the paucity of information about the metabolism of 
the strictly anaerobic molllcutes, the Mycoplasmatales and the 
Acholeplasmatales are better-characterized. With the exception of 
Acholeplasma parvum (Atobe et al., 1983), all acholeplasmas and 
splroplasmas, and many mycoplasmas, ferment glucose (Razin and Freundt, 
1984). Fermentative mycoplasmas Internalize glucose via a PEP-dependent 
phosphotransferse system, whereas acholeplasmas and nonfermentatlve 
mycoplasmas do not have this activity (Rottem and Cirlllo, 1986). 
Rodwell and Rodwell (1954a) demonstrated that suspensions of M. mycoldes 
subsp. mycoldes aerobically catabollzed glucose, pyruvate, and lactate to 
acetate and CO2; under anaerobic conditions, pyruvate was catabollzed to 
lactate, acetate, and CO2. Subsequently, other workers reported that 
glucose and other carbohydrates were catabollzed to lactate, acetate, 
CO2. and other products in a variety of mycoplasmas (Neimark and Pickett, 
1960; Tourte!lotte and Jacobs, 1960). Rodwell and Rodwell (19546) also 
detected aldolase in M. mycoldes subsp. mycoldes, and they assumed that 
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the Embden-Meyerhof-Parnas (EMP) pathway was responsible for the 
degradation of glucose. Castrejon-Dlez et al. (1963) detected activities 
for hexoklnase, aldolase, and glyceraldehyde 3-P dehydrogenase In A. 
laidlawii and concluded that the EMP pathway was active In this organism. 
However, the recovery of i+COz during the metabolism of [1-i4C]glucose 
and the demonstration of glucose-6-f (Glc-6-P) dehydrogenase, r1bulose-5-
P Isomerase, and transketolase activities Indicated that the pentose 
phosphate pathway was also active In A. laidlawii (Castrejon-Dlez et al., 
1963). 
Some enzymes associated with the EMP pathway have been detected in a 
variety of mollicutes by electrophoretic fractionation of intracellular 
contents and specific staining methods. These enzymes Include Glc-6-P 
isomerase, aldolase, triose phosphate isomerase, phosphoglycerate kinase, 
enolase, and pyruvate kinase (Lanham et al., 1980; O'Brien et al., 1981; 
Salih et al., 1983). Acholeplasma spp. also had activities for Glc-6-P 
dehydrogenase and 6-phosphogluconate (6-PG) dehydrogenase, enzymes 
associated with the shunt portion of the pentose phosphate pathway 
(Lanham et al., 1980; Salih et al., 1983). 
These studies that used electrophoretic fractionation of Isozymes 
for taxonomic and epidemiological purposes gave important indications of 
the metabolic processes Involved, but information about the organismal 
biology was still piecemeal. In the past several years, cell-free 
extracts of mollicutes have been examined more extensively to determine 
the presence or absence of metabolic pathways. Such investigations are 
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more appropriate for the determination of metabolic maps necessary for 
the proposed investigation of the coding capacity of the mollicute genome 
(Horowitz, 1984; Razin, 1985). 
The first organisms investigated in this manner were U. urealytlcum 
and M. mycoides subsp. mycoldes (Cocks et al., 1985). M. mycoldes subsp. 
mycoides had activities for ten enzymes of the EMP pathway, leading from 
glucose to pyruvate and then to lactate and acetate. ATP-dependent 
phosphofructokinase (ATP-PFK) was one of these enzymes detected; this is 
the first report of this enzyme in a mollicute. Because PFK is unique to 
the EMP pathway, it is a specific indicator of this pathway (Gottschalk, 
1986). Cocks et al. (1985) did not detect all enzymes of the EMP pathway 
in U. urealytlcum. Activities for ATP-PFK, aldolase, triose phosphate 
isomerase, glyceraldehyde-3-P dehydrogenase, enolase, and pyruvate kinase 
were present, but hexokinase, Glc-6-P isomerase, phosphoglycerate kinase, 
and phosphoglycerate mutase were not detected. Because U. urealytlcum 
does not ferment glucose. Cocks et al. (1985) suggested that the limited 
EMP pathway enzymes may be functional for the formation of ribose 5-P 
from glycolytic Intermediates for nucleoside synthesis rather than as a 
major energy-yielding pathway. Substantiating evidence for this function 
is the presence of the nonoxidative portion of the pentose phosphate 
pathway in this organism (Cocks et al., 1985). M. mycoides subsp. 
mycoldes also had activities for enzymes of the nonoxidative portion of 
the pentose phosphate pathway (Cocks et al., 1985). Pollack (1986) 
examined U. urealytlcum for glycolytic enzymes; hexokinase, Glc-6-P 
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Isomerase, and aldolase were not detected, and only trace amounts of ATP-
PFK were observed. 
DeSantIs et al. (1989) examined 18 fermentative and nonfermentative 
Mycoplasma and Acholeplasma strains for enzymes of the EMP and pentose 
phosphate pathways. The prominent distinctions among the mycoplasmas 
were: (1) the absence in the nonfermentative species of all pentose 
phosphate pathway enzymes except r1bulose-5-P epimerase and, (11) the 
presence In the nonfermentative species of only the last portion of the 
EMP pathway, metabolizing three-carbon compounds [glyceraldehyde 3-P to 
phosphoeno/pyruvate (PEP)]. In contrast, fermentative mycoplasmas had 
activities for the nonoxidative portion of the pentose phosphate pathway, 
and these species had an almost-complete EMP pathway, including ATP-PFK 
and aldolase; hexokinase was not detected. 
Two observations by DeSantis et al. (1989) distinguished the 
acholeplasmas from the mycoplasmas. First, only the Acholeplasma spp. 
had activities for the oxidative enzymes of the pentose phosphate pathway 
(Glc-6-P dehydrogenase and 6-PG dehydrogenase), confirming the 
observations of O'Brien et al. (1981). Both of these reactions generate 
NADPH, an Important cofactor in lipid biosynthesis. The absence of these 
reactions in Mycoplasma spp. may relate to their greater need for 
exogenous lipids (DeSantis et al., 1989). The second distinctive feature 
of the acholeplasmas was the enzyme PFK, which was active with 
pyrophosphate (PPO but not with ATP (DeSantis et al., 1989; Pollack and 
Williams, 1986). The majority of bacterial PFKs are active with ATP; 
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PPi-dependent PFK has been reported only In Proplonlbacterlum 
freundenrelchil and P. acldlproplonlcl CP. shermanll") (O'Brien et al., 
1975; Wood and Goss, 1985), some Bacteroldes spp. (Hacy et al., 1978; 
Roberton and Glucina, 1982), Deleya spp. (Sawyer et al., 1977), and a 
Clostridium sp. isolated from the cockroach gut (Cruden et al., 1983). 
OeSantis et al. (1989) detected hexokinase in the four Acholeplasma 
spp., but this enzyme was absent in 13 of 14 Mycoplasma strains. This is 
in agreement with the reported occurrence of the PEP-dependent 
phosphotransferase system among mycoplasmas but not acholeplasmas (Rottem 
and Cirillo, 1986). However, Rodwell and Rodwell (19546) reported 
evidence suggestive of hexokinase activity in M. mycoldes subsp. 
mycoides; this was confirmed by Cocks et al. (1985). Because of its 
pathogenicity, M. mycoldes subsp. mycoldes is not available In the United 
States and thus was not studied by DeSantis et al. (1989). In addition. 
Mycoplasma sp. Lett 1, isolated from lettuce, had hexokinase activity; 
this isolate is also distinct from other Mycoplasma spp. in several other 
characteristics (Pollack et al., 19846). 
Spiroplasmas, which ferment glucose, have activities for the EMP 
pathway, including ATP-PFK (Lake-Bullock et al., 1989; Pollack et al., 
1989). Like the other Mycoplasmatales, spiroplasmas lack the oxidative 
enzymes of the pentose phosphate pathway, Glc-6-P dehydrogenase and 6-PG 
dehydrogenase (Lake-Bullock et al., 1989; Pollack et al., 1989). Pollack 
et al. (1989) detected all the other enzymes of the pentose phosphate 
pathway in S. apis, S. citrl, S. cullclcola, S. melUferum, and 
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S. sabaudiense; S. kunkelil and S. murium lacked transaldolase activity. 
Lake-Bullock et al. (1989) examined S. apis, S. cltri, S. floricola, and 
S. melliferum; they detected transaldolase and transketolase in ail these 
species. Thus, the spiroplasmas share the distinctions that set the 
other Mycoplasmatales apart from the Acholeplasmatales. 
Egan et al. (1986) used sip-NMR to examine the catabolism of glucose 
in intact cells of M. gallisepticum. The glycolytic intermediates Glc-6-
P, fructose-1,6,-f%, and PEP were detected, but other phosphorylated 
intermediates were not. 
Enzymes of the tricarboxylic acid (TCA) cycle and enzymes leading to 
the cycle have been examined in a number of mollicutes. The TCA cycle is 
potentially important for energy production and for providing carbon 
skeletons for biosynthesis. VanDemark and Smith (19646) reported that a 
single strain of M. hominls (now classified as M. arthriditis) possessed 
five TCA cycle enzymes; citrate synthase was not detected. However, 
Lecce and Morton (1954), Rodwell and Rodwell (1954a), and Tourtellette 
and Jacobs (1960) reported that mollicutes do not actively oxidize TCA 
cycle intermediates. 
Mollicutes have been examined for some TCA cycle enzymes by several 
groups that used analysis of isozymes in taxonomic and epidemiological 
studies. O'Brien et al. (1981) did not detect isocitrate dehydrogenase 
or malate dehydrogenase in 22 Mycoplasma and Acholeplasma spp. examined 
by electrophoretic fractionation of cell extracts followed by staining. 
Using similar techniques, Lanham et al. (1980) did not detect either of 
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these two enzymes In four stains of A. laldlawll. Sallh et a1. (1983), 
who also used electrophoretic Isozyme analysis, reported the presence of 
weak activity for malate dehydrogenase In Acholeplasma spp., and Oellsle 
(1977) reported the presence of this enzyme in U. urealytlcum. 
Manolukas et al. (1988) conducted a more extensive examination of 
cell-free extracts of ten mycoplasmas and acholeplasmas for enzymes of 
the TCA cycle. No TCA-cycle enzymes except malate dehydrogenase were 
detected In Mycoplasma spp., and the two Acholeplasma spp. lacked all the 
TCA cycle enzymes. The two acholeplasmas could carboxylate PEP to 
oxaloacetate, but the mycoplasmas could not (Manolukas et al., 1988). 
Constantopoulos and McGarrlty (1987) detected pyruvate dehydrogenase 
activities In A. laidlawii and four Mycoplasma spp., but these species 
had little or no a-ketoglutarate dehydrogenase activity. Davis et al. 
(1988, 1989) did not detect any TCA cycle enzymes except malate 
dehydrogenase In ureaplasmas; Pollack et al. (1989) reported similar 
observations with Spiroplasma spp. Thus, all three genera In the family 
Mycoplasmataceae have malate dehydrogenase activity. 
These multiple reports of the absence of an Intact TCA cycle In a 
variety of mollicutes contrast with VanOemark and Smith's report (19646) 
of the presence of the TCA cycle In a single strain of M. arthriditls. 
VanOemark and Smith (1964a) also reported the presence of cytochromes and 
quinones and oxidative phosphorylation In this strain. However, 
Hollander et al. (1977) could not confirm the presence of cytochromes in 
this strain, and they could only detect minute amounts of quinones. This 
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report, the absence of detectable cytochromes in 14 mollicutes reported 
by Pollack et al. (1981), and the multiple reports cited by Pollack 
(1979) of unsuccessful attempts to find cytochromes in several 
mollicutes, diminish the importance of VanOemark and Smith's (1964a,b) 
findings as they apply to mollicutes in general (Razin, 1978). 
Because most mollicutes lack the TCA cycle, they may be limited in 
their ability to synthesize amino acids derived from TCA-cycle 
intermediates. However, some mollicutes may be able to synthesize the 
aspartate family of amino acids. Many mollicutes possess pyruvate 
carboxylase and aspartate aminotransferase activities (Davis et al., 
1988, 1989; Manolukas et al., 1988), and thus, they may be able to 
convert pyruvate to oxaloacetate and then to aspartate. In addition, 
Tourtellotte (cited by Rodwell and Mitchell, 1979) determined that A. 
laidlawii may possess the shikimate pathway for aromatic amino acid 
biosynthesis because this organism could incorporate t+C-labelled 
shikimate into protein. Berry et al. (1987) examined-this pathway in 
more detail. A. laidlawii possessed OHAP synthase, shikimate 
dehydrogenase, 3-phosphoshikimate 1-carboxyvinyltransferase, prephenate 
dehydratase, prephenate dehydrogenase, and chorismate mutase. M. iowae 
and M. gallinarum are more typical of most mollicutes in that they do not 
possess any enzymic activities associated with this pathway (Berry et 
al., 1987). 
In fact, though, mollicutes require the inclusion of multiple amino 
acids in partly or completely defined media (Patterson et al., 1985; 
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Rodwell, 1969; Rodwell and Mitchell, 1979; Smith, 1971). Some amino 
acids are more readily assimilated by molllcutes If they are supplied as 
short peptides (Rodwell, 1969). In this form, potential antagonistic 
competitions for common transport systems by free amino acids are 
avoided. 
Molllcutes produce aminopeptldases and carboxypeptldases (Ball et 
al., 1982; Choules and Gray, 1971; Shibata and Watanabe, 1986). These 
may supply the organisms with amino acids for protein synthesis or, in 
the case of arginlne, energy (Shibata and Watanabe, 1986). 
The absence of the TCA cycle In most molllcutes has a second 
physiological consequence. The molllcutes have limited abilities to 
generate reduced pyridine coenzymes for energy production. However, 
Pollack (1979) summarized the oxidative reactions that generate reducing 
equivalents that have been reported to occur among the molllcutes. These 
include Glc-6-P dehydrogenase, a-glycerophosphate dehydrogenase, 
glyceraldehyde-3-P dehydrogenase (NADH and NADPH), lactate dehydrogenase, 
malate dehydrogenase, glutamate dehydrogenase (NADH and NADPH), alcohol 
dehydrogenase, hydroxymethyl glutaryl-CoA reductase (NADPH), and 0-
hydroxybutyrate dehydrogenase. These enzymic activities have either been 
detected directly, or the oxidation of the respective substrates by 
molllcutes has been reported (Pollack, 1979). 
Because molllcutes in general lack cytochromes, the reduced pyridine 
nucleotides can only be used for the production of energy by donating 
their electrons to a flavin-terminated respiration chain. In contrast to 
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the absence of cytochromes, flavins or flavoproteins occur more widely 
among mollicutes (Pollack, 1979; Pollack et al., 1981). The first report 
of flavin-associated oxidations was by Smith et al. (1963). Horowitz and 
Terry (1969) detected characteristic spectra of flavins in A. TaidTawii. 
Reinards et al. (1981) purified a flavoprotein with NADH oxidase activity 
from A. laidlauii; the enzyme transferred electrons from NADH to O2, 
ferricyanide, and dichloroindophenol. Gaisser et al. (1987) determined 
that copper ions inhibit lactate dehydrogenase and NADH oxidase, thereby 
inhibiting the growth of M. gallisepticum by interfering with these 
energy-yielding reactions. 
With respiratory-linked production of ATP limited to flavin-
associated reactions, the importance of substrate-level phosphorylation 
in mollicutes increases (Pollack et al., 1983). Pyruvate kinase, as part 
of the end of the EMP pathway, converts PEP to pyruvate, concommitantly 
generating ATP. This enzyme has been reported in a variety of 
fermentative mycoplasmas, ureaplasmas, spiroplasmas, and acholeplasmas 
(Cocks et al., 1985; Davis et al., 1988, 1989; Lake-Bullock et al., 1989; 
Lanham et al., 1980; Manolukas et al., 1988; Pollack et al., 1989). 
Another ATP-generating enzyme, acetate kinase, has also been detected in 
a number of mollicutes (Castrejon-Diez et al., 1962; Kahane et al., 1978; 
Muhlrad et al., 1981; Rottem and Razin, 1967; Smith and Henrikson, 1965). 
A few other substrate-linked phosphorylation activities have been 
reported in a more limited number of mollicutes. The arginine 
dihydrolase pathway converts arginine to citrulline, which then undergoes 
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phosphorolysis to yield ornithine and carbamoyl phosphate. In turn, ATP 
is generated from carbamoyl phosphate. Among the mollicutes, this 
pathway was first reported by Smith (1957). Since then, it has been 
found in both fermentative and nonfermentative Mycoplasma spp. (Freundt 
and Razin, 1984) and spiroplasmas (Igwegbe and Thomas, 1978; Whitcomb and 
Tully, 1984). Arginine hydrolysis has not been reported in ureaplasmas, 
acholeplasmas, or the strictly anaerobic mollicutes (Razin and Freundt, 
1984). 
In those mollicutes that hydrolyze arginine, this substrate was at 
one time thought to be the major energy-yielding pathway, but subsequent 
findings diminish this possibility. Hahn and Kenny (1974) determined 
that some arginine-hydrolyzing mycoplasmas do not require arginine to 
initiate growth. Furthermore, Fenske and Kenny (1976) reported that 
arginine deiminase is not present at significant levels until the late-
logarithmic stage of growth of M. hominis, and thus, arginine hydrolysis 
cannot be the primary source of energy. 
Because ureaplasmas neither ferment glucose nor hydrolyze arginine, 
It has been speculated that they derive energy from the hydrolysis of 
urea. The carbon and nitrogen from the breakdown of urea are not 
incorporated, but Masover et al. (1977) suggested that urea hydrolysis 
could generate ATP indirectly by a chemiosmotic mechanism. According to 
this model, ammonium ions derived from urea diffuse out of the cell, 
creating a proton gradient. Protons then enter the cell, leading to ATP 
generation by a membrane-bound ATPase. Romano et al. (1980) provided 
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experimental evidence supportive of this hypothesis by demonstrating that 
the addition of urea to resting ureaplasma cells resulted in its 
hydrolysis and a concomitant rise in levels of intracellular ATP. This 
activity was dependent on urease and membrane-bound ATPase; the 
dissipation of the proton gradient by carbonyl cyanide-m-
chlorophenylhydrazone Inhibited the generation of ATP. In addition, high 
external pH diminshed the generation of ATP (Romano et al., 1986). 
Various workers have demonstrated that mollicutes regulate ion 
concentration and cell volume by the creation of membrane potentials; 
this requires the expenditure of ATP (Clementz et al., 1987; Rottem et 
al., 1981; Schummer and Schiefer, 1987). Such osmotic controls are 
especially Important in a wall-less organism. 
The limited number of mechanisms to generate ATP and the concomitant 
accentuated energy demands imposed by the wall-less condition may be 
responsible for the low intracellular adenylate energy charges (&) 
observed In several mollicutes. S. citrl (Saglio et al., 1979) and A. 
laidlawii (Beaman and Pollack, 1981) had Be values similar to walled 
bacteria (0.90), but A. morum and four Mycoplasma spp. had EG values of 
approximately 0.70 (Beaman and Pollack, 1983). Clementz et al. (1987) 
reported that A. laidlawii also had low fis values under certain 
conditions that altered membrane lipid composition. Beaman and Pollack 
(1983) suggested that because mollicutes have a relative energy deficit, 
they may be energy parasites in vivo, similar to rickettsiae and 
chlamydiae. This hypothesis is supported by the observation of Gabridge 
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and Stahl (1978) that the addition of adenine, adenosine, or ATP 
decreased the cytopathic effects of M. pneumoniae on tissue cultures. 
MolHcutes have also been examined for nucleic acid metabolism. 
Most culture media for molUcutes are supplemented with DNA, and many 
molUcutes possess one or more nucleases that can degrade DNA to a more 
assimilable form (Pollack and Hoffmann, 1982). M. mycoides subsp. 
mycoldes has the unusual ability to directly Incorporate 
deoxyrlbomononucleotldes and subsequently phosphorylate them to the 
triphosphate form (Neale et al., 1984). 
Some molUcutes, such as M. mycoldes subsp. mycoides cannot 
synthesize ribonucleotides de novo (Mitchell and Finch, 1977); their 
nutritional requirements are met by nucleobases. Tryon and Pollack 
(1984) reported that A. laidlawii did not Incorporate [U-'<C]glyc1ne, 
and they therefore concluded that this organism could not synthesize 
purine bases de novo. Because most molUcutes possess the enzymes of the 
nonoxidatlve portion of the pentose phosphate pathway, they can form 
r1bose-5-P from glucose, and thus, they can probably synthesize 
nucleotides from glucose and nucleobases (Cocks et al., 1985; DeSantIs et 
al., 1989). The occurrence of dihydrofolate reductase In M. 
galliseptlcum and A. laldlawil, an enzyme Important In the synthesis of 
purines and thymidylate (Mandelbaum-Shavit and Kahane, 1988), Indicates 
that some molUcutes have the anabolic potential for de novo synthesis of 
nucleobases. Thusfar, however, no mol11cute has been demonstrated to be 
capable of de novo synthesis. 
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In contrast to the questionable ability of molllcutes for de novo 
synthesis of nucleobases, molllcutes have enzymic activities that make 
them more proficient at purine and pyrimidine salvage and 
Interconversions (Cocks et al., 1988; Hamet et al., 1980; McElwain and 
Pollack, 1987; McElwain et al., 1988; Mitchell and Finch, 1977; Neale et 
al., 1983; Tryon and Pollack, 1984, 1985; Williams and Pollack, 1985). 
They are able to interconvert purine nucleobases, (deoxy)rlbonucleosldes, 
and (deoxy)ribonucleotides; they are also able to interconvert pyrimidine 
deoxyribomono-, deoxyribodi-, and deoxyribotrinucleotides. 
In regard to the one strictly anaerobic mollicute studied, An. 
intermedium 5LA was similar to other molllcutes in its capacity to 
Interconvert purines, and the nucleoside kinase in this organism was PPi-
dependent (McElwain et al., 1988). PPi-dependent nucleoside kinase has 
only been detected in some molllcutes; the nucleoside kinase in all other 
organisms examined is ATP-dependent (McElwain et al., 1988; Tryon and 
Pollack, 1984). Like other molllcutes (Cocks et al., 1988; McElwain et 
al., 1988; Neale et al., 1983), An. intermedium has thymidine 
phosphorylase activity and thus is able to produce thymidine nucleotides 
by the salvage pathway (McElwain et al., 1988). An. intermedium a^so has 
dCMP deaminase activity (McElwain et al., 1988). Thus, this organism and 
other molllcutes like it can derive deoxyribose-1-P for the thymidine 
salvage pathway by converting dCMP to dUMP and then deribosylating dUMP 
(McElwain et al., 1988; Neale et al., 1983). 
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Overall, molHcutes are limited In their capacity to generate energy 
and precursors for amino acid, lipid, nucleic acid, and vitamin 
synthesis. Thus, they are nutritionally fastidious and relatively slow-
growing. These diminished metabolic capabilities may be a reflection of 
their small genomes and the associated constraint on the amount of 
encoded genetic Information. 
Phylogeny of the MolHcutes 
Because of their extremely small size and filterability, some of the 
first mollicutes isolated were thought to be similar to etiological 
agents that are now known to be viruses. However, mollicutes were 
eventually recognized as a phenotypically similar group of bacteria 
(though radically different from walled bacteria), and they were called 
PPLO (pleuropneumonia-like organisms). With the observations by 
Klieneberger (1935) and Dienes (1938) of the walled bacterium 
Streptobacillus moniliformis in the L-phase of growth (L-forms), the 
identities of PPLO and L-forms became associated and intertwined with one 
another, causing great confusion (Smith, 1971). 
The observations of Pierce (1942), that L-forms could be derived 
from walled bacteria with penicillin, and of Sharp (1954), that 
hypertonic media were indispensable for the recovery of L-forms, led to 
the concept that the L-phase is a general property of most bacterial 
species. Mollicutes were thought by some to be stable L-forms derived 
from recognized species. However, the use of DNA-ONA hybridization 
34 
studies In the 1960s demonstrated that although the ONA of an L-form 
hybridized with the DNA of the walled bacterium from which It was 
derived, molllcutes had no ONA homology with any of the walled bacteria 
studied (McGee et al., 1967). 
Because molllcutes had small cell and genome sizes and limited 
metabolic capabilities, these organisms were proposed by Wallace and 
Horowitz (1973) to be primitive organisms decended from a progenitor 
organism from which both prokaryotes and eukaryotes arose. This model 
would require substantial Increases In genome size; this conflicts with 
other theories that bacterial genomes tend to be "streamlined" 
(Doollttle, 1978). It must also assume that the primitive progenitors 
were capable of saprophytic existence Independent of animal hosts, unlike 
many of the molllcutes. 
Alternatively, it has been suggested that the molllcutes represent a 
collection of unrelated organisms that have degenerated from different 
walled bacteria (Dienes and Weinberger, 1951). Neimark (1979; Neimark 
and London, 1982) described a modified version of this latter scenario of 
degenerative evolution. He noted that several similarities existed 
between the glycolytic enzymes of acholeplasmas and those of lactic acid 
bacteria. Unlike mycoplasmas, the lactate dehydrogenase (LDH) of 
acholeplasmas is activated by fructose-1,6-b1sphosphate (Fru-1,6-P2), an 
allosteric phenomenon found only in some Lactobaclllaceae (Neimark, 1979; 
Neimark and Tung, 1973). [Since those reports, (Fru-1,6-fb)-aGt1vated 
LDH has been detected in Clostridium thermohydrosul furl cum (Turunen et 
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al., 1987)]. Furthermore, antlsera prepared to aldolase and 
glyceraldehyde-3-P dehydrogenase purified from lactic acid bacteria 
reacted with extracts of acholeplasmas but not fermentative mycoplasmas. 
Indicating that a high degree of Immunological similarity existed between 
the enzymes from acholeplasmas and lactic acid bacteria (Nelmark and 
London, 1982). Based on these findings, Nelmark concluded that the 
acholeplasmas evolved from the streptococci by loss of the cell wall and 
genome reduction; mycoplasmas were proposed to have evolved from a 
different (unspecified) group of walled bacteria (Nelmark, 1979; Nelmark 
and London, 1982). 
Woese and colleagues (1980) also proposed that the molllcutes were 
not primitive progenitors to walled bacteria, but Instead that they 
evolved from walled bacteria. They based their conclusions on the 
analysis of 16S-rRNA sequences of bacteria. As part of a larger effort 
to develop catalogs of 16S-rRNA sequences In an attempt to determine 
phylogenetic relationships among bacteria 1n general, Woese et al. (1980) 
concluded that mycoplasmas, splroplasmas, and acholeplasmas arose by 
degenerative evolution from an ancient clostridial group that also gave 
rise to the present-day baclllus-lactobacmus-streptococcus group. The 
molllcutes were most closely associated with Clostridium innocuum and C. 
ramosum, with the acholeplasmas being more closely related than the other 
molllcutes to these walled bacteria fWoese et al., 1980). The finding 
that the acholeplasmas are more closely related to the two Clostridia 
than to the streptococci is in disagreement with Neimark's proposal. 
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The phylogenetic relationship between some walled bacteria and a 
greater number of mollicutes was re-examined by Woese and colleagues 
using 5S-rRNA analyses (Rogers et al., 1985). Whereas the 5S-rRNA 
molecules from Gram-negative bacteria have 120 nucleotides and those from 
Gram-positive bacteria are 116 to 117 nucleotides In length, the SS-rRNA 
molecules of the mollicutes and their walled relatives were 104 to 114 
nucleotides in length. Analysis of the 5S-rRNA sequences by Rogers et 
al. (1985) Indicated that all the mollicutes form a coherent phylogenetic 
branch of the Gram-positive bacteria; this conflicts with Neimark's 
assertion that the mycoplasmas and acholeplasmas have little or no 
phylogenetic relatedness (Neimark, 1979). 
Rogers et al. (1985) also proposed a general outline of the descent 
of the mollicutes. Through chromosomal deletions, the ancestors of the 
acholeplasmas arose from the clostridial branch. This group then split 
into the acholeplasma and spiroplasma branches; the anaeroplasmas 
branched off very close to this split, and their exact placement is 
uncertain. Within the spiroplasma branch, there were further genome 
reductions, leading to the mycoplasmas and ureaplasmas. 
Since the study of Rogers et al. (1985), rRNA catalogs of more 
bacteria have been determined, and four more of these walled species have 
been found to be specifically related to the mollicutes: Eryslpelothrix 
rhusiopathlae and Lactobacillus catenaformis [L. catenaforme, (Woese et 
al., 1985)], Streptococcus pleomorphus (Ludwig et al., 1988), and 
Lactobacillus vitulinus (Weisburg et al., 1989). In addition, 
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Bacteroides termidltis and an unnamed strain 23 [termed 
"pseudobacteroldes" by Woese et al. (1985)] may be distantly related to 
the molllcutes, but they also have certain features that distinguish them 
from Gram-positive eubacteria. 
The rRNA analyses of Woese and colleagues have also revealed that 
although most eubacteria have regions of highly conserved sequences in 
their rRNA, many of these conserved sequences are absent in the rRNA of 
the molllcutes (Rogers et al., 1985; Woese, 1987; Woese et al., 1980, 
1985). While this makes the determination of binary association 
coefficients of relatedness more difficult, it also has important 
evolutionary implications that may explain some of the distinctive 
features of the molllcutes. Because rRNA molecules are necessary for 
translation (one of the earliest and most crucial biological processes), 
rRNAs are highly refined molecules that show relatively little variation 
in secondary structure between kingdoms (Woese, 1987). Any single 
mutation would probably create a mismatch that would disrupt the 
secondary structure of the molecule. However, two mutations that occur 
concomitantly (or nearly so) in paired positions have the potential to be 
less deleterious for the form and function of the rRNA molecules (Woese, 
1987). Such paired (composite) mutations are higher-order functions of 
the organism's mutation rate (Woese 1987; Woese et al., 1985). In most 
organisms, the mutation rate is not high enough to allow composite 
mutations. However, in organisms with higher mutation rates, typical 
rRNA variants arise more frequently, but more importantly, other types of 
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rRNA variants will occur; these atypical variants arise with 
inappreciable frequency in organisms with more typical mutation rates 
(Woese, 1987; Woese et al., 1985). Woese and his colleagues proposed 
that mollicutes have an elevated rate of mutation; this is responsible 
for the bizarre phenotypes of mollicutes and for their rRNA sequences 
being considerably divergent both within and without the group. 
How can an organism manage to replicate a viable genome with such an 
accelerated rate of mutation? Woese et al. (1985) maintain that because 
a mol 11cute has a smaller genome, the entire genome can be replicated 
with the same overall accuracy as an organism that has a larger genome 
with a lower mutation rate (per base pair). Woese et al. (1985) propose 
that the mollicutes have a permanently accelerated rate of mutation and 
thus are in a state of macroevolution. Macroevolution as it is 
understood in the Metazoa is episodic; in the mollicutes, however, It 
continues unmitigated. Thus, the mollicutes have uniquely extreme 
phenotypes and are relatively heterogeneous among themselves (Woese et 
al., 1985). 
Sladek (1986) proposed a three-step model for the evolution of the 
mollicutes from walled bacteria. First, as has been observed to occur 
naturally, L-forms arose from walled bacteria. Second, L-forms from the 
same or different species fused, creating polyploid entities. Such 
phenomena have been observed In the laboratory. Finally, through 
recombination between nontandem homologous sequences of the two genomes, 
substantial genome reductions occurred. It is well-established that 
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sequences with a high degree of homology are subject to homologous 
recombination In prokaryotes (Petes and H111, 1988). Sladek does not 
address the question of whether this model of degenerative evolution of 
walled bacteria occurred only In the past or whether It continues today. 
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SECTION I. ENZYMIC ACTIVITIES OF CARBOHYDRATE, PURINE, AND PYRIMIDINE 
METABOLISM IN THE ANAEROPLASMATACEAE (CLASS MOLLICUTES) 
Abstract 
Cell-free extracts of two strictly anaerobic molllcutes, 
Anaeroplasma intermedium SLA and Asteroleplasma anaerobium 161?, were 
tested for enzymic activities of Intracellular carbohydrate metabolism. 
As. anaerobium was also tested for enzymes of purine and pyrimidine 
metabolism. Both organisms had enzymic activities associated with the 
nonoxidative portion of the pentose phosphate pathway, and with the 
Embden-Meyerhoff-Parnas pathway. The 6-phosphofructokinase (PFK) of /Is. 
anaerobium was ATP-dependent, whereas the PFK of An. intermedium was 
pyrophosphate-dependent (PPi-dependent). The two anaerobic molllcutes 
also differed with respect to the enzymes that converted phospho-
e/70/pyruvate (PEP) to pyruvate; An. intermedium had pyruvate kinase 
activity, but /4s. anaerobium had pyruvate, orthophosphate dikinase 
activity (PPi-dependent). Both organisms had lactate dehydrogenase 
activity that was activated by fructose 1,6-bisphosphate (Fru-1,6-P2). 
An. intermedium had activity for PEP carboxykinase (activated by Fru-1,6-
Pz), but As. anaerobium did not. PEP carboxytransphosphorylase activity 
was not detected in either organism. An. intermedium had malate 
dehydrogenase and isocitrate dehydrogenase activities, but it had no 
activities for the three other tricarboxylic acid cycle enzymes examined; 
As. anaerobium had malate dehydrogenase activity only. /4s. anaerobium 
had enzymic activities for the interconversion of purine bases, 
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(cieoxy)rlbonucleosides, and (deoxy)ribomononucleotides, including PPi-
dependent nucleoside kinase, reported heretofore only in some other 
mollicutes. As. anaerobiurn cou^à synthesize dTDP by the thymine salvage 
pathway if deoxyribose 1-phosphate was provided, and it had dUTPase, 
ATPase, and dCMP kinase activities. It lacked (deoxy)cytidine deaminase, 
dCMP deaminase, and deoxycytidine kinase activities. 
Introduction 
The wall-less eubacteria of the Class Mollicutes have come under 
Increased study because of several Interesting attributes. Because of 
the small size of their cells and genomes. It has been suggested that 
some mollicutes could serve as model organisms in the search for the 
minimal genetic and metabolic requirements of Independent, self-
replicating cells (Horowitz, 1984). Some of the carbohydrate, purine, 
pyrimidlne, arginlne, and urea metabolism and membrane physiology has 
been described for certain Mollicutes (Cocks et al., 1985, 1988; OeSantis 
et al., 1989; Manolukas et al., 1988; McElhaney, 1986; McElwain et al., 
1988; Pollack et al., 1983; Romano et al., 1986). However, the 
Intracellular metabolism of the Anaeroplasmatales, one of the three 
orders of the Mollicutes, has been neglected. The only study of the 
Intracellular metabolism of a member of the Anaeroplasmtales is that of 
HcElwain et al. (1988), who reported on enzymic activities of purine and 
pyrimidlne metabolism in Anaeroplasma Intermedium 5LA. 
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The Anaeroplasmatales are most prominently distinguished from the 
Mycoplasmatales and the Acholeplasmatales by the stable and absolute 
sensitivity of the anaerobic mollicutes to molecular oxygen and by the 
sequence data of the SS rRNA of Anaeroplastna spp. (Robinson, 1979; Rogers 
et al., 1985). A11 isolates obtained thus far have been from the rumens 
of livestock. Before 1987, the only recognized genus in this group was 
Anaeroplasma, which included sterol-requiring strains with a G+C ratio of 
29-34 mol%. When Robinson and Freundt (1987) elevated the strictly 
anaerobic mollicutes to the status of an order, they created a second 
genus, Asteroleplasma. Asteroleplasma are strictly anaerobic, 
sterol-nonrequiring strains with a G+C ratio of 40 mol%. 
In the present study, we examined cytoplasmic extracts of a strain 
of Anaeroplasma and of Asteroleplasma for enzymic activities associated 
with intracellular carbohydrate metabolism (the pentose phosphate and 
Embden-Meyerhof-Parnas pathways, and the tricarboxylic acid cycle). We 
also tested the Asteroleplasma strain for enzymic activities associated 
with the interconversion of purine and pyrimidine bases, (deoxy)ribo-
nucleosides, and (deoxy)ribomononucleotides. 
The anaerobic mollicutes are the least-studied members of the Class 
Mollicutes, and this work is the first report of their intracellular 
carbohydrate metabolism. These results, and those dealing with purine 
and pyrimidine metabolism, may also be useful in clarifying the taxonomic 
divisions within the family Anaeroplasmataceae 9X\6 provide information 
that may eventually be useful in elucidating the phylogenetic 
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relationships of the AnaeropTasmatales to other members of the Class 
Mollicutes. 
Materials and Methods 
Strslns 
Anaeroplasma intermedium 5LA and AsteroJeplasma anaerobium 161? 
(=ATCC 27880T) were Isolated from the rumens of sheep and obtained from 
I.M. Robinson, the National Animal Disease Center, Agricultural Research 
Service, U.S. Department of Agriculture, Ames, lA. 
Cultivation and extract preparation 
The anaerobic mollicutes were grown in 800-ml batches of 8-2 medium, 
a modification of Robinson's MM-10 medium (1979). A batch of S-2 medium 
was prepared by dissolving the following in 700 ml of distilled HzO: BBL 
Phytone, 1.6 g; Brain Heart Infusion, 1.6 g; Difco Soytone, 0.8 g; yeast 
extract, 0.8 g; Difco Malt Extract, 1.2 g; Difco soluble starch, 2.0 g; 
maltose, 0.8 g; glucose, 0.4 g. The sugars were cell culture-tested 
products from Sigma. (More recently, we have found that not all lots of 
peptones and carbohydrates support good growth. Currently, we are 
substituting Phytone with Deltown Chemurgic papale digest of soymeal 
(SE50M; Fraser, NY).] The medium was supplemented with minerals, 
volatile fatty acids, resazurin, and cysteine hydrochloride as specified 
by Robinson (1979), except that NazSO* was substituted for (NH4)2S04, and 
the cysteine was added before the medium was sterilized In an autoclave. 
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The pH of the medium was adjusted to 7.2 with approx. 5 ml of 7.5 W-NaOH. 
The medium was prepared anaeroblcally under COz by the modified Hungate 
technique (Robinson, 1979). After sterilization, the medium was 
supplemented with 75 ml of 8% (w/v) Na2C03 (sterile and under COz; 
addition before autoclaving caused caramelIzatIon) and 6.4 ml of a 95% 
(v/v) ethanollc solution of cholesterol (2.5 mg/ml; analytical grade) and 
soybean lecithin (22.5 mg/ml; Calblochem 429415; other lecithin 
preparations tested were not satisfactory). The lipid solution was 
sterilized by filtration (MUllpore SLGV025LS); final concentrations of 
the lipids In S-2 medium were 20 pg of cholesterol/ml and 180 |ig of 
Iec1th1n/ml. The medium was bubbled with COz until the resazurin was 
once again colorless. The flasks were Inoculated (<1% Inocula) and 
Incubated at 37° for 72±3 h iAn. intermedium) or 96±3 h iAs. anaeroblum). 
Contributing factors In Increased cell yields In S-2 medium compared with 
other formulations were (data not shown): 1) soybean-based peptones and 
malt extract. 11) a final concentration of 0.75% NazCOs (versus the 
usual 0.4% In other anaerobic media) and the concomitant rise 1n final pH 
from 6.7 to 7.0. 111) a final concentration of 0.8% ethanol; delivery of 
the lipids In a smaller volume left the medium more opaque and less 
productive. 
The cells were harvested by centrlfugatlon and washed once with EW 
buffer: 15-mW PIPES (Na+), 75-mWNaCl, 10-mWKCl, 1-mWMgClz, pH 7.0. 
The buffer was sterilized In an autoclave, cooled while bubbling with Nz, 
and dithlothreltol was added to 4 mM (sterilization was not necessary). 
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Cells were lysed osmotlcally In 1-mW dithiothreltol, 800-wWNaCl, and 
50-pWHEPES, pH 7.4, or by explosive decompression In a Parr-Bomb. 
Lysates were clarified by centrlfugatlon at 8,800 g*#* at 4'C for 15 min 
and then again at 235,000 g#ax at 4'C for 1 h. 
Enzyme assays 
Anaerobic precautions were taken where specifically Indicated (see 
below). Enzymic reactions of the pentose phosphate pathway, the Embden-
Meyerhof-Parnas (EMP) pathway, and the tricarboxylic acid (TCA) cycle 
were assayed by following the appearance or disappearance of substrates 
or cofactors spectrophotometrically. Methods used for enzymes of the 
pentose phosphate and EMP pathways are as follows. For polyphosphate-
glucose phosphotransferase (EC 2.7.1.63), the reaction mixture of Szymona 
et al. (1967), containing polyphosphate (average of 25 residues; Sigma S 
6128), was used; activity was detected enzymatically by the method of 
Szymona and Szymona (1979). The phosphorylation of glucose by carbamoyl 
phosphate (glucose 6-phosphatase, EC 3.1.3.9) was determined by the 
method of Lueck and Nordlie (1970). Other enzymes were assayed using the 
modifications specified by OeSantIs et al. (1989) of the following 
methods: glucose-6-phosphate (Glc-6-P) dehydrogenase (EC 1.1.1.49) by 
the method of DeMoss (1955) (see also anaerobic method below); 
phosphogluconate dehydrogenase (EC 1.1.1.44) by the method of DeMoss 
(1955); ribulose-phosphate 3-epimerase (EC 5.1.3.1) and r1bose-5-
phosphate Isomerase (EC 5.3.1.6) by the method of Horecker et al. (1957); 
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transketolase (EC 2.2.1.1), with r1bose-5~phosphate (R1b-5-fV as the 
acceptor substrate, by method 6 of Kochetov (1982) and, with erythrose-4-
phosphate (Ery-4-P^ as the acceptor substrate, by the method of DeSantis 
et al. (1989); transaldolase (EC 2.2.1.2) in the forward direction by the 
method III of Venkataraman and Packer (1961) and in the reverse direction 
by the method of Venkataraman and Packer (1961); deoxyribose-phosphate 
aldolase (EC 4.1.2.4) by the method of Packer (1955); hexokinase (EC 
2.7.1.1) by the method of Chou and Wilson (1975); glucose 6-phosphate 
isomerase (EC 5.3.1.9) by the method of Gracy and Tilley (1975); 
fructose-bisphosphate aldolase (EC 4.1.2.13) by the method of Taylor 
(1955); phosphoglycerate kinase (EC 2.7.2.3) by the method of Biicher 
(1955); phosphoglycerate mutase (EC 5.4.2.1) by the method of DeSantis et 
al. (1989); enolase (EC 4.2.1.11) by the method of Morse et al. (1974); 
ATP-dependent 6-phosphofructokinase (ATP-PFK; EC 2.7.1.11) by the method 
of Ling et al. (1955); and PPi-dependent 6-phosphofructokinase (PPi-PFK; 
EC 2.7.1.90) in both the forward (see also anaerobic method below) and 
the reverse directions by the methods of O'Brien et al. (1975). 
The following enzymes associated with the TCA cycle were assayed by 
the methods used by Manolukas et al. (1988): pyruvate kinase (EC 
2.7.1.40); malate synthase (EC 4.1.3.2); malate dehydrogenase [EC 
1.1.1.37; the reverse direction was also assayed by using the method of 
Bergmeyer and Bernt (1983)]; aspartate aminotransferase (EC 2.6.1.1); 
fumarate hydratase (EC 4.2.1.2); aconitate hydratase (EC 4.2.1.3); and 
isocitrate dehydrogenase (EC 1.1.1.42). Other enzymes were assayed by 
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the following methods: pyruvate, orthophosphate diklnase (PPDK; EC 
2.7.9.1) by the method of Ernst et al. (1986), assaying for the formation 
of ATP [we omitted (NH4)6Mo7024] and by the method of Evans and Wood 
(1971), assaying for the formation of pyruvate; lactate dehydrogenase 
(LOH; EC 1.1.1.27) In the direction of pyruvate reduction by the method 
of Turunen et al. (1987) and In the direction of D(-)- or L(+)-lactate 
oxidation by the method of Neimark and Tung (1973) using the anaerobic 
conditions described below; pyruvate carboxylase (EC 6.4.1.1) by the 
method of Young et al. (1969); phosphoe/io/pyruvate (PEP) carboxykinase 
(EC 4.1.1.49) by the method of Chang and Lane (1966) [we substituted 
dithlothreitol for glutathione and tested activity in the presence and 
absence of 0.5 mW fructose-1,6-b1sphosphate (Fru-1,6-P2)]; PEP 
carboxytransphosphorylase (EC 4.1.1.38) by the method of Wood et al. 
(1969) (we reduced the concentration of CoClz to 10 \iM); pyruvate 
dehydrogenase (EC 1.2.4.1) by the method of Visser et al. (1982); and 
citrate synthase (EC 4.1.3.7) by methods 1 and 3 of Gottschalk and 
Olttbrenner (1970) (see also the anaerobic method below). 
The assays of McElwain and Pollack (1987) (using radioisotopically 
labelled substrates and thin-layer chromatography) were used to examine 
the following enzymes associated with purine interconversions: 
phosphorlbosyltransferases (EC 2.4.2.7 and -.8); purine-nucleoside 
phosphorylase (EC 2.4.2.1); 5'-nucleotidase (EC 3.1.3.5); and ATP-
dependent nucleoside kinases (EC 2.7.1.20, -.73, and -.76; in these 
reactions, we also substituted PPi for ATP). 
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The methods for assaying the following enzymic activities associated 
with pyrimidlne metabolism, determined by using radioisotopically 
labelled substrates, have been described previously by Williams and 
Pollack (1985): dUMPase (EC 3.1.3.5); dCMP deaminase (EC 3.5.4.12); dCMP 
kinase (EC 2.7.4.14); dUTPase (EC 3.6.1.23); dTMP kinase (EC 2.7.4.9); 
thymidine kinase (EC 2.7.1.21); thymidine phosphorylase (EC 2.4.2.4); 
ATPase [EC 3.6.1.8; determined by substituting ATP for dUTP in the assay 
for dUTPase]; and cytldine deaminase [E.C. 3.5.4.5; determined by 
substituting cytldine (Cyd) for deoxycytidlne (dCyd) in the deoxycytidlne 
deaminase assay]. Deoxycytidlne kinase (E.C. 2.7.1.74) activity was 
assayed by the method used by McElwain et al. (1988). 
Anaerobic enzvme assays 
Three enzymes that were not detected in the present study under 
aerobic conditions were also examined under anaerobic conditions; in 
addition, the oxidation of lactate by LDH was assayed (see above) only 
under anaerobic conditions. We assayed for Glc-6-P dehydrogenase by the 
method of Ujita and Kimura (1982), PPi-PFK in the forward direction by 
the method of O'Brien et al. (1975), and citrate synthase by method 3 of 
Gottschalk and Oittbrenner (1970) using Ellman's reagent, with anaerobic 
precautions for all three assays as follows. Cell-free extracts 
contained dithiothreitol (1 mM) and were frozen under Ar. Except for the 
citrate synthase assay, all buffers were supplemented with dithiothreitol 
to 0.25 mH. All buffers were boiled while purging with Ar to drive off 
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dissolved O2, cooled, and stored under Ar. Assays were conducted under 
Ar In spectrophotometric cuvettes with septum-screw caps (Thomas 
Scientific # 8493-D12). Reagents were withdrawn from stock solutions and 
Introduced Into the cuvette either while flushing with Ar or by syringe. 
Chemicals 
Sources of the radlolsotoplcally labelled substrates for purine and 
pyrlmldlne studies have been described elsewhere (McElwaIn and Pollack, 
1987; McElwaIn et al., 1988; Williams and Pollack, 1985). Blochemlcals 
were obtained from Sigma Chemical Company unless specified otherwise. 
Protein concentrations were determined by using the Blo-Rad protein assay 
reagent with bovine serum albumin as the standard. 
Results 
Pentose phosphate pathway 
Cell-free extracts of both Anaeroplasma intemedium 5LA and 
Asteroleplasma anaeroblum 161? did not contain detectable glucose-6-
phosphate (Glc-6-fV dehydrogenase (assayed aerobically or anaerobically) 
or 6-phosphogluconate dehydrogenase activities (Table 1). However, both 
organisms did have other enzyme activities of this pathway: ribulose-
phosphate 3-epimerase, R1b-5-P isomerase, transketolase, and 
transaldolase. Both organisms also had activity for deoxyribose-
phosphate aldolase. 
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Glycolysis 
Both anaerobic molllcutes possessed Intracellular enzymic activities 
associated with the Embden-Meyerhof-Parnas (EMP) pathway for the 
metabolism of glucose, Including that of the marker enzyme of this 
pathway, 6-phosphofructok1nase (PFK) (Table 2). The steps from glucose 
to the triose phosphates and from 3-phosphog1ycer1c acid to pyruvate were 
examined. Cell extracts of An. Intermedium erOnibited enzymic activities 
at all eight steps. As. amaerob/um cell-free extracts exhibited 
activities at all steps of the EMP pathway examined except hexoklnase 
[ATP, PPi, polyphosphate, and PEP were tested as phosphate donors in the 
hexoklnase reaction, without effect. PEP was also Inactive as a 
phosphate donor with resuspended membrane fraction (data not shown)]. In 
addition, As. anaerobium had no carbamoyl phosphate-dependent activity 
for the phosphorylation of glucose by glucose 6-phosphatase. The 
hexoklnase of An. intermedium was ATP-dependent. 
The PFK activity of An. intermedium was PPi-dependent, Whereas the 
PFK of /4s. anaerobium was active only with ATP. To ensure that ATP 
solutions were not contaminated with PPi, which could yield spurious 
results with PPi-PFK (Reeves, 1987), ATP solutions were assayed for PPi 
with a commercial kit (Sigma), and none was detected. 
The tricarboxylic acid cycle and associated enzymes 
An. intermedium had activity for pyruvate kinase, converting PEP to 
pyruvate while concomitantly converting ADP to ATP (Table 3). As. 
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anaerobium had no activity for pyruvate kinase. Instead, As. anaerobium 
had activity for pyruvate, orthophosphate dikinase, thereby converting 
PEP, AMP, and PPi to pyruvate, ATP, and Pi. 
The anaerobic mollicutes had limited enzymic activities of the TCA 
cycle (Table 3). Both organisms had malate dehydrogenase and aspartate 
aminotransferase activities. No activities were detected in extracts of 
As. anaerobium for any of the following enzymes of the TCA cycle that 
were examined (Table 3): isocitrate dehydrogenase, fumarase, citrate 
synthase, and aconitase. An. intermedium ms also negative for all these 
enzymes except isocitrate dehydrogenase; this enzyme was active in the 
absence of added Mn++. 
An. intermedium and Xs. anaerobium had lactate dehydrogenase (LOH) 
activity in the direction of pyruvate reduction, and the activities of 
both species were Increased by Fru-1,6-P2 (data not shown). We could not 
detect activity in either organism for D(-)- or L(-)-lactate oxidation by 
LDH with either NAD+ or its 3-acetylpyridine analog. 
An. intermedium (but not /4s. anaerobium) had activity for PEP 
carboxykinase; the activity was dependent on the presence of both AOP (or 
GDP) and Fru-1,6-P2. Additionally, the enzyme was active when assayed at 
pH 6.6 (100-mAf imidazole), but not at pH 7.8 (50-m/V Tris). Both 
organisms lacked detectable activities for PEP carboxytransphosphorylase 
and pyruvate dehydrogenase. An. intermedium had pyruvate carboxylase 
activity but As. anaerobium did not. 
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Purine metabolism of As. anaeroblum 
Extracts of i4s. anaeroblum had enzymic activities for purine 
metabolism that would enable it to synthesize (deoxy)ribomononucleotides 
from purine bases in either of two ways (Table 4). In one instance, 
phosphoribosyltransferases converted phosphoribosylpyrophosphate and the 
bases adenine, hypoxanthlne, or guanine directly to the respective 
ribomononucleotides, AMP, IMP, or GMP. Alternatively, in a two-step 
process, nucleoside phosphorylase could convert ribose-1-phosphate (Rib-
1-P^ or deoxyribose-1-phosphate (dRib-T-fV and the bases adenine, 
hypoxanthlne, or guanine to the respective (deoxy)ribonucleosides, 
(deoxy)adenosine, (deoxy)inosine, or (deoxy)guanoslne; then, PPi-
dependent (deoxy)ribonucleoside klnase(s) converted the 
(deoxy)nucleosldes, (deoxy)adenosine, inosine, or guanosine, to the 
respective (deoxy)ribomononucleotides, (d)AMP, IMP, or GMP. No ATP-
dependent (deoxy)ribonucleoside kinase activity was detected in extracts 
of As. anaeroblum. Extracts of As. anaeroblum also had 5'-nucleotidase 
activity. Finally, /4s. anaeroùfum had deoxyribomononucleotidase 
activity. 
Pvrimidine deoxvribonucleotide metabolism of As. anaeroblum 
Extracts of Xs. anaeroblum possessed thymidine phosphorylase, 
thymidine kinase, and dTMP kinase activities (Table 5). As. anaeroblum 
also possessed both dUTPase and ATPase activities. This organism lacked 
dUMPase, dCMP deaminase, deoxycytidine kinase and (deoxy)cytldlne 
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deaminase (tested with Cyd as the substrate) activities, but It possessed 
dCMP kinase activity. 
Discussion 
The method used for each enzyme assay of extracts of the anaerobic 
molllcutes was not optimized. Thus, the data presented here are more 
useful In a qualitative than a quantitative sense, especially In regard 
to drawing conclusions about rates of activities In vivo. Where 
possible, enzymes from commercial sources or control organisms were used 
to confirm the efficacy of the assays when no activity was detected In 
extracts of the anaerobic molllcutes. 
Examination of the literature reveals that some enzymes are O2-
lablle regardless of the organism under study (I.e., nitrogenase, formate 
acetyltransferase). However, the literature Indicates that enzymes of 
central metabolic pathways common to both aerobic and anaerobic organisms 
are usually not Oz-lablle. Although some researchers assay all such 
enzymes from an anaerobic bacterium under anaerobic conditions (Hoshino 
et al., 1978), other researchers have detected activities for such 
glycolytic enzymes from a variety of anaerobic bacteria without anaerobic 
conditions [the studies of Joyner and Baldwin (1966) of six genera of 
ruminai bacteria being but one such example]. In the present study, most 
enzymes were assayed without anaerobic precautions because these enzymes 
have not been reported to be Oz-lablle In other bacteria. However, we 
did assay Glc-6-P dehydrogenase, PPi-PFK, and citrate synthase both 
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aeroblcally and anaeroblcally. Assays conducted anaerobically did not 
reveal any activities that were not observed under aerobic conditions. 
The physiology and enzymic activities of the Anaeroplasmataceae are 
similar In many respects to those reported for the Mycoplasmatales and 
the Acholeplasmatales (Cocks et al., 1985, 1988; DeSantIs et al., 1989; 
Manolukas et al., 1988; McEIwaIn and Pollack, 1987; McEIwaIn et al., 
1988), but there are some distinctions. In the anaerobic molllcutes, the 
hexose monophosphate shunt was not active as such; both An. Intermedium 
and As. anaerobium lacked the oxidative enzymes of the pathway, G1c-6-P 
dehydrogenase and 6-phosphog1uconate dehydrogenase. However, both 
anaerobic molllcutes had activities for the remaining enzymes of the 
pentose phosphate pathway. Thus, the Anaeroplasmataceae have an enzyme 
pattern for the pentose phosphate pathway similar to that of Mycoplasma 
spp. and different from Acholeplasma spp., which have activities for the 
two oxidative enzymes (DeSantIs et al., 1989). The presence of some of 
the enzymes of this pathway suggests that the anaerobic molllcutes may 
Interconvert sugar phosphates and carbon skeletons of the EMP pathway and 
various other blosynthetic routes. Cocks et al. (1985) and DeSantIs et 
al. (1989) proposed that deoxyrlbose-phosphate aldolase activity links 
nucleic acid and carbohydrate metabolism. 
Several extract preparations had no activity for transaldolase. 
Such variability in transaldolase activity has been reported for other 
molllcutes (Cocks et al., 1985; DeSantIs et al., 1989). Cocks et al. 
(1985) reported that commercial enzyme preparations used as coupling 
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enzymes had an Inhibitory effect on transaldolase activity in Mycoplasma 
mycoides subsp. mycoldes. 
Although the lack of both the oxidative enzymes of the pentose 
phosphate pathway and the lack of the concomitant generation of NADPH by 
Mycoplasma spp. may explain their increased need for exogenous lipids as 
compared with Acholeplasma spp. (DeSantis et a1., 1989), the results in 
the present study do not make the same distinction between the sterol-
requiring and the sterol-nonrequiring anaerobic mollicutes. 
Both anaerobic mollicutes had enzymic activities associated with the 
EMP pathway, and this is probably their major route of glucose 
catabolism. An. intermedium possessed activities for all eight enzymes 
of this pathway, and As. anaerobium had activities for all these enzymes 
except hexokinase. Our inability to detect hexokinase activity (or any 
enzyme) does not demonstrate unequlvocably that the organism indeed lacks 
the enzyme. 
Our most noteworthy observation in studies of the EMP pathway was 
related to phosphofructokinase (PFK) activity. The PFK of 4s. anaerobium 
was ATP-dependent, as in Mycoplasma spp. (DeSantis et al., 1989) and most 
bacteria, whereas the PFK of An. intermedium ms PPi-dependent. Among 
bacteria, PPi-PFK has been reported heretofore in Acholeplasma spp. 
(DeSantis et al., 1989; Pollack and Williams, 1986), Deleya spp. (Baumann 
et al., 1983), Propionibacterium freundenreichii and P. acidipropionici 
("P. arabinosum"), some Bacteroides spp. and a Clostridium sp. (Wood, 
1985). Thus, the correlation between sterol requirement and the type of 
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PFK In the Anaeroplasmataceae is the converse of that among the other 
mollicutes. PPi is a putative evolutionary precursor of ATP (Kulaev and 
Vagabov, 1983; Wood, 1985); thus, the possession of a PPi-dependent 
kinase by an organism may represent the retention of a phylogenetically 
earlier form of the enzyme. 
The possession of a PPi-PFK by an anaerobe also has physiological 
significance. Because most anaerobic heterotrophs cannot carry out 
oxidative phosphorylation, their generation of ATP is limited to a few 
substrate-level phosphorylation reactions. However, these anaerobes 
cannot regenerate NAD+ by oxidative phosphorylation, so they must balance 
ATP-yielding reactions (i.e., acetate kinase) with NADH-oxidizing 
reactions (i.e., lactate dehydrogenase) such that there is sufficient 
NAD* for glycolysis to continue (Holland et al., 1987; Morris, 1985). 
The presence of PPi-linked kinases, such as PPi-PFK, may reduce the 
utilization of ATP in anaerobes (Wood, 1985); An. intermedium may 
conserve ATP in this manner. 
The two anaerobic mollicutes can also be differentiated by the 
enzymes responsible for the conversion of PEP to pyruvate at the last 
step of glycolysis. As. anaerobium has PPi-dependent pyruvate, 
orthophosphate dikinase (PPOK) activity, whereas An. intermedium 
possesses the more common pyruvate kinase, which is present in all other 
mollicutes examined (Manolukas et al., 1988). PPOK has been found in 
only a few other bacteria: Clostridium symbiosum, P. freundenreichii, P. 
acidipropionici, Acetobacter spp., a Clostridium isolated from the 
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cockroach gut, and three species of anoxygenic photosynthetic bacteria 
(Ernst et al., 1986; Evans and Wood, 1971; Wood, 1985). The acetobacters 
and P. freundenrelchil have both PPDK and pyruvate kinase. It has been 
suggested that PPDK is active In these bacteria in the direction of PEP 
for gluconeogenesis or In the formation of oxaloacetic acid, and that 
pyruvate kinase is active in the direction of pyruvate during glycolysis 
(Evans and Wood, 1971; Wood, 1985). In contrast, C. s^ biosum (Evans and 
Wood, 1971; Wood, 1985) and As. anaerobium lack pyruvate kinase, and 
thus, PPDK is probably active In the direction of pyruvate during 
glycolysis. 
Enzymic activities of the anaerobic mollicutes In the TCA cycle were 
limited. Both organisms had activity for malate dehydrogenase, but of 
the four other TCA-cycle enzymes examined, there was activity only for 
isocitrate dehydrogenase (ICDH) in extracts of An. intermedium. Because 
An. intermedium had no detectable citrate synthase or aconltase 
activities, the ICDH activity was not linked to the rest of the TCA cycle 
in typical fashion. However, a-ketoglutarate, a reactant of the ICDH 
reaction, is also a reactant in the aspartate aminotransferase reaction, 
for which An. intermedium had activity. In contrast. As. anaerobium 
lacked ICDH activity, and thus, is similar to the eight Mycoplasma 
strains examined by Manolukas et al. (1988), which lacked detectable 
activity for all TCA cycle enzymes except malate dehydrogenase. 
Only An. intermedium was able to carboxylate PEP to oxaloacetate, 
but both organisms had LDH activity, reducing pyruvate to lactate [one of 
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the fermentation products of Anaeroplasma spp. (Robinson, 1979)], and 
thereby generating NAD+ for use In the EMP pathway. We could not detect 
the oxidation of lactate by LDH In either organism (tested with NAD+ and 
Its 3-acetylpyridine analog). Nelmark and Tung (1973) detected L(+)-
lactate oxidation In extracts of Acholeplasma laidlawli with the 3-
acetylpyrldlne analog, but not with NAD+. Turunen et al. (1987) detected 
LDH activity In extracts of Clostridium thermohydrosulfurlcum 
spectrophotometrlcally In the direction of pyruvate reduction; L(+)-
lactate oxidation LDH activity was detected with a gel-staining method 
but could not be detected spectrophotometrlcally. 
As. anaeroblum had enzymic activities for the Interconversion of 
purine bases, (deoxy)rlbonucleosldes, and (deoxy)rlbomononucleotldes; 
such activities could be Important In the salvage pathway for purines. 
The occurrence of PPi-dependent (deoxy)rlbonucleoside Kinase among both 
An. Intermedium (McElwaIn et al., 1988) and /Is. anaeroblum (this study), 
heretofore reported only In some other Mollicutes (McElwain and Pollack, 
1987), represents another reaction in which the energy of a PPi bond is 
utilized, thereby conserving ATP. 
As. anaeroblum is capable of synthesizing dTDP by the thymine 
salvage pathway, provided that there is a source of dR1b-1-P. But As. 
anaeroblum cannot use either dCyd or dCMP as a source of dRib-1-P because 
it lacks both dCMP deaminase and (deoxy)cytidlne deaminase (tested with 
Cyd as the substrate) activities. This is in contrast to An. 
Intermedium, which possesses both these enzymic activities (McElwain et 
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al., 1988; Williams and Pollack, unpublished result). Neale et al. 
(1983) reported that M. mycoides subsp. mycoldes used dCMP as a source of 
dRIb-T-P after deaminatlon and derobosylatlon. It should be pointed out 
that although Finch and his co-workers have not been able to detect dCyd 
deaminase activity in extracts of M. mycoldes subsp. mycoldes, they do 
have evidence suggesting that the activity exists in vivo (Cocks et al., 
1988). 
In addition to ostensibly being unable to utilize dCyd as a source 
of dRib-1-P for thymidine biosynthesis, we propose that As. anaeroblum 
cannot use dCyd for the salvage synthesis of dCyd nucleotides because it 
lacks detectable dCyd kinase activity. Of those mollicutes that have 
been examined, the lack of dCyd kinase activity is unique to the 
anaerobic mollicutes (McElwain et al., 1988; this study). Neale et al. 
(1984) reported that M. mycoldes subsp. mycoldes incorporates 
deoxyribonucleoside monophosphates directly from the growth medium and 
subsequently phosphorylates them to the triphosphate form. An analogous 
system may be present in the anaerobic mollicutes because both An. 
intermedium (Williams and Pollack, unpublished result) and As. anaerobium 
have dCMP kinase activity. 
The results reported here represent an important first step in 
elucidating the Intracellular physiology of the Anaeroplasmataceae, the 
least-studied members of the Mollicutes. These anaerobic mollicutes have 
both Important similarities to and differences with each other and other 
mollicutes. Further studies should be conducted to determine if these 
findings extend to the other three species of the genus Anaeroplasma. 
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The present and previous physiological Investigations of the Mollicutes 
have contributed to our knowledge of these bacteria, but the physiology 
of Mollicutes has not been described in Its entirety. Future 
physiological investigations may contribute to further clarification of 
the phylogenetic relationships among the Mollicutes and allied walled 
bacteria. 
Table 1. Enzymes of the pentose phosphate pathway in cell-free 
extracts of strictly anaerobic mollicutes* 
Enzyme Anaeroplasma 
intermedium 
Asteroleplasma 
anaerobium 
G1 ucose-6-phosphate dehydrogenase NAb NA 
Phosphogluconate dehydrogenase NA NA 
Ribulose-phosphate 3-ep1merase 6.4+3.0 7.0+3.6 
4.9+1.8 12+9.8 
R1bose-5-phosphate isomerase 5.7+2.2 25+13 
1.4+2.2 13±5.4 
TransketolaseC 18±13 9.7±8.1 
10+7.0 3.5±3.0 
Transaldolase 0.5+1.0 3.4+4.1 
NA NA 
Deoxyrlbose-phosphate aldolase 1.7±1.5 0.3±0.5 
*Nanomoles of product formed per minute per mg protein (± S.O.; 
average of three batches of cells). See text for details of assays. 
For each enzyme, the first line of data refers to activities in the 
forward direction (as listed in Webb, 1984); the second line 
(if present) refers to activities in the reverse direction. 
bNA, no activity detected. 
CThe first line refers to the reaction with R1b-5-P as the 
acceptor substrate, the second Une, with Ery-4-P as the acceptor 
substrate. 
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Table 2. Enzymes of the Embden-Meyerhof-Parnas pathway In cell-free 
extracts of strictly anaerobic molllcutes* 
Enzyme Anaeroplasma 
Intermedium 
Asteroleplasma 
anaerobium 
Hexokinase 220 NAb 
Polyphosphate-glucose phosphotransferase NA NA 
Glucose 6-phosphatase (carbamoyl-P)^ NA NA 
Glucose-6-phosphate isomerase 250 5.7±2.3 
450 200+130 
6-Phosphofructoklnase (PPi) 49+19 NA 
220 NA 
(ATP) NA 7.713.8 
Fructose-b1phosphate aldolase 20+6.7 38112 
Phosphoglycerate kinase 1200 260+13 
Phosphog1yce rate mutasec 3.4 590172 
Enolase 31 6301210 
*Nanomoles of product formed per minute per mg protein (± S.D. If 
number of batches of cells > 2; no S.D. given If number = 2). See text 
for details of assays. Except as noted (footnote c), the first line of 
data for each enzyme refers to activities In the forward direction (as 
listed In Webb, 1984); the second line (1f present), refers to 
activities In the reverse direction. 
bNA, no activity detected. 
CQata refer to activities in the reverse direction (as listed In 
Webb, 1984). 
63 
Table 3. Enzymes associated with the tricarboxylic acid cycle in cell-
free extracts of strictly anaerobic mollicutes* 
Enzyme Anaeroplasma 
Intermedium 
Asteroleplasma 
anaerobium 
Pyruvate kinase 5.2+0.6 NAb 
30±3.4 NA 
Pyruvate, orthophosphate dikinase^ NA 210 
Lactate dehydrogenase NA NA 
77±4.7 40+25 
Pyruvate decarboxylase 2.5±0.3 NA 
PEP carboxykinaseC 141±31 NA 
PEP carboxytransphosphorylasef NA NA 
Pyruvate dehydrogenase NA NA 
Maiate synthase NA NA 
Maiate dehydrogenase 450+21 16 
76+4.3 NA 
Aspartate aminotransferase 37±4.0 4800+2100 
6.8+0.3 33+16 
Isocitrate dehydrogenase 41 ±31 NA 
Fumarate hydratase NA NA 
Citrate synthase® NA NA 
Aconitate hydratase NA NA 
^Nanomoles of product formed per minute per mg protein (± S.O. if 
number of batches of cells > 2). See text for details of assays. 
Except where noted (footnote c), the first line of data refers to 
activities in the forward direction (as listed in Webb, 1984); the 
second line (if present), refers to activities in the reverse direction. 
bwA, no activity detected; PEP, phosphoeno/pyruvate. 
CQata refer to activities in the reverse direction (as listed in 
Webb, 1984). 
64 
Table 4. Enzymes of purine metabolism In cell-free extracts of 
Asteroleplasma anaeroblum 
Enzyme (substrate) picomoles formed per 
minute per mg protein* 
Phosphorlbosvltransferase 
adenine 1.1+0.1 
hypoxanthine 1.4±0.4 
guanine 1.0±0.4 
Nucleoside ohosphorvlase 
adenine + Rib-1-X> > adenosine 5.6+0.6 
adenine + dRib-1-P > deoxyadenosine 8.0±1.4 
hypoxanthine + Rib-1-P > inosine 8.8+2.1 
hypoxanthine + dR1b-1-P > deoxyinosine 5.4+1.0 
guanine + Rib-1-P > guanosine 9.0±2.5 
guanine + dR1b-1-P > deoxyguanosine 19±9.3 
Nucleoside kinase fPP,- or ATP-linked) 
adenosine 0.8±0.2/NA 
deoxyadenosine 0.5+0.1/NA 
inosine 0.5+0.3/NA 
guanosine 1.1±0.3/NA 
deoxyguanosine NA/NA 
5'Nucleotidase 
AMP 3.0+0.5 
dAMP 5.210.7 
IMP 7801230 
GMP 8.310.6 
*Data are the means of determinations from three batches of cells 
1 S.O. See text for details of assays. 
bR1b-1-P, ribose-1-phosphate; dR1b-1-P, deoxyribose-1-phosphate; 
NA, no activity detected. 
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Table 5. Enzymes of pyrlmldlne metabolism In cell-free extracts of 
Asteroleplasma anaerobiurn 
Enzyme nanomoles formed per 
minute per mg protein* 
Cytidine deaminase NAb 
dCMP deaminase NA 
Oeoxycytidine kinase NA 
dCMP kinase 0.110.1 
dTMP kinase 0.4+0.1 
Thymidine kinase 0.3+0.1 
Thymidine phosphorylase 17+0.4 
dUMPase NA 
dUTPase 3.4+0.5 
ATPase 3.1+0.3 
*Data are the means of determinations from three batches of cells 
± S.O. See text for details of assays. Data refer to activities in 
the forward direction (as listed in Webb, 1984). 
bNA, no activity detected. 
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SECTION II. PYROPHOSPHATE-DEPENDENT ENZYMES IN WALLED BACTERIA 
PHYLOGENETICALLY RELATED TO THE WALL-LESS MOLLICUTES 
Abstract 
Some of the wall-less bacteria of the class Molllcutes have 
pyrophosphate-dependent (PPi-dependent) enzymlc activities Including: 
PPi-phosphofructok1nase (PPi-PFK); PPi-nucleoside kinase; and pyruvate, 
orthophosphate diklnase (PPDK). In most other bacteria, ATP, not PPi, Is 
the cofactor In analogous enzymlc reactions. Because of the prominence 
of PPi-dependent enzymes among the molllcutes, enzymes that occur In 
other bacteria infrequently, we report here the examination of the six 
walled bacteria reported to be phylogenetlcally related to the molllcutes 
(Clostridium innocuun, Clostridium ramosum, Erysipelothrix rhusiopathiae, 
Lactobacillus catenaformis, Lactobacillus vitulinus, and Streptococcus 
pleomorphus) for PPi- and ATP-PFK, phosphoeno/pyruvate (PEP) 
carboxytransphosphorylase, PPDK, and PPi- and ATP-acetate kinase. Two 
anaerobic molllcutes, Anaeroplasma intermedium anà Asteroleplasma 
anaerobium, were tested also. C. innocuum, B. rhusiopathiae, S. 
pleomorphus, and An. intermedium had PPi-PFK activities, whereas C. 
ramosum, the two lactobacilli, and As. anaerobium had only ATP-PFK 
activities. As. anaerobium and all the walled bacteria except E. 
rhusiopathiae had PPDK activities. All species except As. anaerobium and 
E. rhusiopathiae also had pyruvate kinase activities; the effects of 
allosteric activators were tested. PEP carboxytransphosphorylase was 
detected by two methods in C. innocuum, C. ramosum, and S. pleomorphus. 
All the species tested had ATP-acetate kinase activities, but none had 
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detectable PPi-acetate kinase activities. The occurrence of one or more 
PPi-dependent enzymes In the mollicutes and their walled relatives Is a 
phenotypic Indicator of their phylogenetic relatedness. The distribution 
of these enzymes among members of this group substantiates the subgroups 
as proposed by others using 16S-rRNA analysis. 
Introduction 
The wall-less eubacteria of the genera Mycoplasma, Ureaplasma, 
Splroplasma, Acholeplasma, Anaeroplasma, and Asteroleplasma are grouped 
together In the Class Mollicutes. Phylogenetic analyses of 5S- and 16S-
rRNA sequences have revealed that the mollicutes cluster with the low-G+C 
subdivision of Gram-positive eubacteria that includes the bad 111-
lactobacllll-streptococcl branch (Rogers et al., 1985; Woese, 1987; Woese 
et al., 1980). Among members of the low-G+C Gram-positive eubacteria, 
the mollicutes are most closely related to Clostridium innocuum, 
Clostridium ramosum, Brysipelothrix rhusiopathlae, Lactobacillus 
catenaformis {Lactobacillus catenaforme)^  Lactobacillus vltulinus, and 
Streptococcus pleomorphus (Ludwig et al., 1988; Rogers et al., 1985; 
Woese, 1987; Woese et al., 1980, 1985; Welsburg et al., 1989). 
The mollicutes and their walled phylogenetic relatives have few 
phenotypic similarities. The only comparative study of a phenotype of 
the mollicutes and their walled phylogenetic relatives was conducted by 
Pellegrin et al. (1988). They found that C. Innocuum, C. ramosum, and 
six species of mollicutes (belonging to four genera) were all resistant 
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to high levels of rifampin. Generally, eubacteria are sensitive to 
rifampin, an inhibitor of RNA polymerase; some mollicutes, however, are 
resistant (Gadeau et al., 1986). 
Some members of the Mycoplasmatales and the Acholeplasmatales have 
activities for (deoxy)ribonucleoside kinases that are dependent on 
pyrophosphate (PPi) as a cofactor (McElwain et al., 1988; Tryon and 
Pollack, 1984), and Acholeplasm spp. have PPi-dependent 
phosphofructokinase (PPi-PFK) activity (DeSantis et al., 1989; Pollack 
and Williams, 1986). Among the anaerobic mollicutes, both Anaeroplasma 
intermedium (McElwain et al., 1988) and Asteroleplasma anaerobium (Petzel 
et al., 1989) had activities for PPi-nucleoside kinases. An. intermedium 
also had activity for PPi-PFK, whereas As. anaerobium had activity for a 
third PPi-dependent enzyme, pyruvate, orthophosphate dikinase (PPDK; 
Petzel et al., 1989). PPi-nucleoside kinase has not been reported in any 
organisms other than some mollicutes (McElwain et al., 1988; Pollack et 
al., 1989; Tryon and Pollack, 1984). ATP is the phosphate donor in the 
PFK reaction instead of PPi in the great majority of bacteria. PPDK, 
which converts phosphoeno/pyruvate (PEP) to pyruvate, has been reported 
in only a few prokaryotes (Wood, 1985). 
Because PPi-dependent enzymes are generally rare among prokaryotes 
but occur more frequently among the mollicutes, and because PPi may be an 
evolutionary precursor of ATP (Kulaev and Vagabov, 1983; Wood, 1985), we 
examined the walled phylogenetic relatives of the mollicutes and some of 
the Anaeroplasmataceae for four PPi-dependent enzymes: PPi-PFK, PPDK, 
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PEP carboxytransphosphorylase, and PPi-acetate kinase. We also assayed 
these bacteria for some analogous ATP-dependent enzyme activities. 
Materials and Methods 
Strsln? 
Clostridium Innocuum klZC 14501?, Lactobacillus catenaformis AJCC 
25536? (=DSM 20559?), Lactobacillus vitulinus MCC 27783?, and 
Streptococcus pleomrphus ATCC 29734? (=DSM 20574?) were obtained through 
the American Type Culture Collection, Rockville, MD. Anaeroplasma 
intermedium 5LA and 7LA? (=ATCC 43166?; Robinson and Allison, 1975; 
Robinson and Freundt, 1987) and Asteroleplasma anaerobium 161? (=ATCC 
27880?; Robinson and Freundt, 1987) were obtained from I. M. Robinson, 
National Animal Disease Center (NADC), U.S. Department of Agriculture, 
Ames, lA. Erysipelothrix rhusiopathiae AVR-9 was obtained from R. L. 
Wood, NADC. Clostridium innocuum 7207 and Clostridium ramosum 8546 were 
received through the Anaerobe Laboratory, Virginia Polytechnic Institute, 
Blacksburg. 
Cultivation and extract préparation 
The mollicutes were harvested from 1.2 L of S-2 broth (<0.5% 
inocula, incubations of 4-6 d at 37*C) as described previously (Petzel et 
al., 1989). E. rhusiopathiae grown (0.8% Inoculum, 2 d at 37'C) In 
1.2 L of S-2 broth with the following modifications: The medium was 
supplemented with heat-inactivated horse serum to 1.7 % (vol/vol) and MES 
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[2-(N-morpho11no)ethanesulfon1c add] to lOmW; the lipids and NaaCOa, 
were deleted and the culture was Incubated without anaerobic precautions. 
All other species were grown In 800 ml of S-2 broth without the lipids 
(0.25% Inocula, 20-22 h at 37*C). 
Extracts of the mollicutes were prepared by osmotic lysis (Petzel et 
al., 1989). Pellets of walled bacteria were resuspended in the same 
lysis buffer and were passed through a French pressure cell 2-4 times. 
Lysates were clarified by centrifugation at 8,800 x gm»x at 4°C for 15 
min and then again at 230,000 x gaax at 4* for 1 h unless noted 
otherwise. Aliquots of the cell-free extracts were either frozen at 
-75'C or dialysed against 100 volumes of lysis buffer (20 h, 4'C, one 
change) before being frozen. Some cell-free extracts were frozen under 
argon; no differences in activity were observed between these 
preparations and those with which no anaerobic precautions were taken. 
Protein concentrations were determined by using the BCA Protein Assay 
Reagent (Pierce, Rockford, IL), with bovine serum albumin as the 
standard. 
Enzyme assays 
Biochemicals were obtained from Sigma. All potentially labile 
substrates and cofactors were prepared in buffers and stored in the 
manner appropriate for maximum stability (Beutler and Supp, 1983). ATP 
was determined by the method of Trautschold et al. (1985). 
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ATP-deoendent e-ohosphofructokinase (ATP-PFK; EC 2.7.1.11) and PPi-
deoendent 6-ohosDhofructokinase (PPi-PFK; EC 2.7.1.90) were assayed 1n 
the forward direction by method A of O'Brien et al. (1975). PPi-PFK was 
also assayed in the reverse direction by method B (O'Brien et al., 1975). 
Pyruvate, orthoohosphate dikinase (PPDK; EC 2.7.9.1) was assayed by 
determining the appearance of ATP [Ernst et al., 1986; (NH4)6Mo7024 was 
omitted] and by determining the appearance of pyruvate (Evans and Wood, 
1971; MgClz was decreased to 7.4 mH), PEP carboxvtransphosDhorvlase (EC 
4.1.1.38) was assayed by following the appearance of oxaloacetate by a 
modification of the method of Wood et al. (1969). The mixture of KHCOs, 
MgClz, and potassium phosphate buffer in a serum bottle was sparged with 
CO2 for 30 min, sealed with a septum, and aliquots were withdrawn with a 
syringe as needed. In addition, the concentration of C0CI2 was reduced 
to 10 \iM, and dithiothreitol was substituted for 0-mercaptoethanol. PEP 
carboxytransphosphorylase was also assayed by determining the appearance 
of PPi; the assay mixture used for the oxaloacetate assay was modified by 
deleting NADH and malate dehydrogenase and increasing C0CI2 to 100 pW. 
The reaction mixtures were incubated under CO2 for 30 min at 37°C; 
mixtures without PEP served as controls. Pyrophosphate concentrations 
were determined with a commercial assay kit (Sigma) according to the 
manufacturer's directions. Control values were subtracted from those 
obtained by using complete assay mixtures. ATP-deoendent acetate kinase 
(EC 2.7.2.1) reactions in the direction of acetyl phosphate formation 
were conducted by the method of Bowman et al. (1976), with potassium 
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acetate added to 50 mM, and sodium succinate (a positive effector In 
Escherichia coll) added to 10 mM. For each strain, a second assay 
mixture with boiled cell-free extract was used as the blank for the 
spectrophotometric determination of acetyl hydroxamate by the method of 
Skarstedt and Silverstein (1976). PPi-dependent acetate kinase (EC 
2.7.2.12) was determined similarly, except that MgClz was reduced to 0.75 
mW to prevent precipitation with PPi. Alternatively, to circumvent 
potential inhibition by PPi of color formation in the hydroxylamine assay 
for acetyl phosphate in the PPi-acetate kinase reaction, the method of 
Reeves and Guthrie (1975) was used. Sodium dithionite, which reportedly 
stimulates this reaction in Desulfotomaculum ruminis (Liu and Peck, 
1981), was added to 25 mM. Pyruvate kinase (EC 2.7.1.40) was assayed by 
the method of Smart and Pritchard (1979); PEP was added to 4 mW. 
G1ucose-6-DhosDhate dehydrogenase (EC 1.1.1.49) was assayed anaerobically 
by the method described by Petzel et al. (1989). 
Results and Discussion 
Woese and co-workers (Weisburg et al., 1989) used 16S-rRNA analyses 
to determine that the walled bacteria phylogenetically related to the 
mollicutes can be divided into monophyletic subgroups. Clostridium 
innocuum clustered with Streptococcus pleomorphus, and Clostridium 
ramosum clustered with Lactobacillus catenaformis and L. vitulinus. 
Erysipelothrix rhusiopathiae did not belong to either cluster, but 
Weisburg et al. (1989) reported that there were some data to suggest 
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that f. rhuslopathlae was more closely related to the C.lnnocuum-S. 
pleomorphus cluster than to the C. ra/nosu/n-lactobacll 11 cluster. 
The purpose of the present study was twofold: (1) to determine if 
the walled bacteria that are related to the mollicutes possessed 
pyrophosphate-dependent (PPi-dependent) enzymes as the mollicutes do, 
thereby providing a phenotypic indication of their phylogenetic 
relatedness and (11) to determine if the distribution of PPi-dependent 
enzymes among the six walled bacteria complements the phylogenetic 
subdivisions of this group as proposed by Weisburg et al. (1989). 
Functional and structural patterns of various enzymes have been used 
as the bases for taxonomic and phylogenetic classifications (Byng et al., 
1982; Jensen, 1985; Weitzman, 1980). Weitzman (1980) reported that 
regulatory and size characteristics of citrate synthase and succinate 
thiokinase can be used to separate Gram-positive and Gram-negative 
bacteria and also aerobic Gram-negative bacteria from facultative 
anaerobes. Jensen and co-workers (Byng et al., 1982; Jensen, 1985) have 
made phylogenetic studies about various groups of bacteria and their 
pathway for aromatic amino acid biosynthesis by studying differences in 
Sisozymes, cofactor specificities, allosteric controls, and alternative 
biochemical steps; they determined that phylogenetic clusters of bacteria 
share distinctive biochemical features. However, these workers stressed 
that any conclusions about the phylogeny or evolution of organisms or 
their biochemical pathways must be made within the framework of 
phylogenetic relationships previously determined by other established 
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methods, such as rRNA analysis (Jensen, 1985). 
The data reported here represent enzyme activities determined In 
vitro (I.e., cell extracts); thus, extrapolations to quantitative 
conclusions about conditions in vivo would be tenuous. When we could not 
detect an enzyme activity, where possible, enzyme from a commercial 
source or a known-positive organism was added to the putatlvely Inactive 
cell-free extract to determine the efficacy of the assay system. 
Previous studies have demonstrated that, except for we11-documented 
Isolated cases (Abbe et al., 1982), most enzymes of carbohydrate 
metabolism (Including PPi-dependent enzymes) found In both aerobic and 
anaerobic bacteria are not Oz-lablle (Cruden et al., 1983; Joyner and 
Baldwin, 1966; Petzel et al., 1989; Roberton and Qluclna, 1982). 
PhosDhofructoklnase 
Among walled bacteria, PPi-PFK has previously been detected In a 
Clostridium sp. Isolated from the cockroach gut (Cruden et al., 1983), 
Propionibacterium freundenreichii and P. acidipropionici ("P. 
arabinosum") (O'Brien et al., 1975; Wood, 1985; Wood and Goss, 1985), 
some Bacteroides spp. (Roberton and Qluclna, 1982), and Deleya spp. 
(Sawyer et al., 1977). Among the MoTlicutes, PPi-PFK has been detected 
In Acholeplasma spp., but the PFK activities among Mycoplasma spp. and 
Spiroplasma spp., when present, are active with ATP but not PPi (DeSantIs 
et al., 1989; Lake-Bullock et al., 1989; Pollack and Williams, 1986; 
Pollack et al., 1989). In the anaerobic molllcutes, Anaeroplasma 
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intermedium 5LA has PPi-PFK activity and Asteroleplasma anaeroblum 161? 
has ATP-PFK activity (Petzel et al., 1989). 
In the present study, C. innocuum and S. pleomorphus (one of the 
clusters within the group of six) and f. rhuslopathiae had PPi-PFK 
activities in both the forward and reverse directions. However, C. 
ramosum, L. catenaformis, and L. vltulinus (another cluster) had only 
ATP-PFK activity (Table 1). 
Parenthetically, PFK activities were sometimes detected in the two 
strains of C. innocuum, in S. pJeomorphus, and in the two strains of An. 
intermedium when ATP was substituted for PPi; this was not observed with 
f. rhusiopathiae. This ATP-1inked PFK activity was not detected in all 
extract preparations of these organisms. Indeed, in a previous study, we 
did not detect ATP-1inked activity in An. intermedium 5LA (Petzel et al., 
1989). In the present study, the ATP-1Inked activities were always less 
than those of the PPi-PFK activities in these species (Table 1). Among 
the other microorganisms that have PPi-PFK, the Clostridium sp. (Cruden 
et al., 1983), Euglena gracilis (Miyatake et al., 1984), 
Propionibacterium spp. (O'Brien et al., 1975; Wood and Goss, 1985), and 
the Bacteroides spp. (Roberton and Gluclna, 1982) have been reported to 
also have ATP-PFK, but Deleya spp. had only PPi-PFK (Sawyer et al., 
1977). Reeves and co-workers (Reeves, 1987) initially reported that 
Entamoeba histolytica had both ATP- and PPi-PFK activities. Subsequent 
investigations revealed that the seeming ATP-PFK activity resulted from 
the generation of PPi from ATP by the glycogen-forming apparatus; strong 
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centrifugal forces removed the ATP-1Inked activity from the extracts 
(Reeves, 1987). Roberton and Gluclna (1982) reported that less activity 
was detected In extracts of Bacteroldes spp. subjected to a centrifugal 
force of 190,000 x 5 (1 h) than In extracts subjected to a centrifugal 
force of 27,000 x g (20 min). The ATP-PFK activity of P. freundenreichll 
was stable to a centrifugal force of 124,000 x 9 (1 h) (O'Brien et al., 
1975). In the present study, we routinely used a centrifugal force of 
230,000 X gmax (1 h). We did not observe any marked reduction In ATP-
llnked activity In lysates of An. Intermedium 51A clarified by a 
centrifugal force of 330,000 x gmax (120 min) compared with lysates 
clarified at 27,000 x gmax (20 min) (data not shown). 
To ensure that this ostenslve ATP-PFK activity was not caused by 
contamination of assay components with PPi (Reeves, 1987), we performed 
the following Investigations. Using a PPi assay kit (Sigma), we did not 
detect PPi In either the ATP stock solutions or In cell-free extracts of 
An. intermedium 5LA. PPi-PFK purified from P. freundenreichii (Sigma) 
was not active with our ATP solutions. To determine if extracts of An. 
intermedium 5LA could generate PPi from ATP, we assayed for the 
appearance of PPi In ATP-PFK reaction mixtures containing all components 
except fructose 6-phosphate; no PPi was detected. (Conversely, extracts 
of An. intermedium 5LA and C. innocuum 7207 did not generate detectable 
amounts of ATP from PPi.) Furthermore, the Inclusion of 5 units of yeast 
inorganic pyrophosphorylase per ml of PFK assay mix diminished PPi-
dependent activities, but not ATP-dependent activities, in 
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An. Intermedium 5LA and C. Innocuum 7207 (data not shown). These 
observations suggest the presence of bona fide ATP-PFK In C. Innocuum, S. 
pleomorphus, and An. Intermedium; purification of the ATP-dependent 
activity from the PPi-dependent activity would provide definite proof. 
The observations of the putative ATP-PFK aside, the occurrence of PPt-PFK 
among some of the mollicutes and three of their six walled relatives is 
indicative of their phylogenetic relatedness. 
The occurrence of PPi-PFK in Acholeplasma spp. (OeSantis et al., 
1989; Pollack and Williams, 1986) and In An. Intermedium (Petzel et al., 
1989; this study) and the absence of PPi-PFK in other mollicutes 
(including i4s. anaeroblum 161?) (DeSantis et al., 1989; Petzel et al., 
1989) correlate with the subgroups of mollicutes determined by Weisburg 
et al. (1989) using 16S-rRNA sequence analyses. They reported that 
acholeplasmas grouped with Anaeroplasma spp., to the exclusion of the 
other mollicutes. 
Pvruvate. orthoohosphate dikinase and pyruvate kinase 
PPDK converts PEP, AMP, and PPi to pyruvate, ATP, and Pi. This 
enzyme has previously been reported in P. freundenrelchii, P. 
acidipropionici, Clostridium symblosum ("Bacteroldes symblosus"), some 
Acetobacter spp., the Clostridium isolated from the cockroach gut, and 
three anoxygenic photosynthetic bacteria (Cruden et al., 1983; Ernst et 
al., 1986; Evans and Wood, 1971; Wood, 1985; Wood and Goss, 1985). Among 
the mollicutes, PPDK has been detected in As. anaeroblum (Petzel et al.. 
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1989) but not In any of the ten other mollicutes examined (Hanoiukas et 
al., 1988). 
In the present study, PPDK activity was detected in C. Innocuum, C. 
ramosum, L. catenaformis, L. vltullnus, S. pleomorphus, and As. 
anaeroblum, but not in E. rhuslopathlae or An. Intermedium (Table 2). 
The activities were detected by assaying both for the conversion of PEP 
to pyruvate and the conversion of AMP to ATP. The fact that As. 
anaerobium is the only mollicute reported to possess PPDK is phenotypic 
evidence supportive of the unique phylogenetic status of this organism 
among the mollicutes (Weisburg et al., 1989). No conclusions about the 
specific relationship (if indeed any exists) between As. anaeroblum and 
the walled relatives can be made on the basis of the present information 
concerning PPDK. 
All the walled relatives of the mollicutes except E. rhuslopathlae 
had pyruvate kinase activity, a second enzyme that interconverts PEP and 
pyruvate; the activity for S. pleomorphus was low and variable (Table 3). 
In previous studies, the pyruvate kinases of Mycoplasma spp., 
Acholeplasma spp., Ureaplasma urealytlcum, and An. Intermedium 51A (Cocks 
et al., 1985; Manolukas et al., 1988; Petzel et al., 1989) were detected 
in the absence of allosteric activators. In contrast, the pyruvate 
kinase activities in four of five walled bacteria determined in the 
present study to possess the enzyme were significantly increased by one 
or more activators (Table 3). Fructose 1,6-bisphosphate (Fru-1,G-f2) had 
only moderate or no effects on the pyruvate kinase activities of 
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C. innocuum, S. pleomorphus, and C. ramosum; AMP and glucose 6-phosphate 
(Glc-6-P) were more effective. 
Fru-1,6-P? activates pyruvate kinases In a wide variety of bacteria 
(Sanwal, 1970; Smart and Pritchard, 1979; Yamada and Carlsson, 1975); 
fewer bacteria have pyruvate kinases activated by Glc-6-P but not Fru-
1,6-% (Smart and Pritchard, 1979; Yamada and Carlsson, 1975). Yamada 
and Carlsson (1975) suggested that organisms that have both the Embden-
Meyerhof-Parnas and pentose phosphate pathways for the degradation of 
glucose may use Fru-1,6-P2 as an activator for pyruvate kinase because 
Glc-6-P is the branch point between the two pathways. However, organisms 
that lack the oxidative portion of the pentose phosphate pathway may use 
Glc-6-P as the primary activator for pyruvate kinase. We did not detect 
Glc-6-P dehydrogenase (the first enzyme in the oxidative portion of the 
pentose phosphate pathway) in cell-free extract preparations of any of 
the bacteria except for S. pleomorphus (4.9 nmol/min/mg). 
In the two lactobacilli, AMP was the best activator of pyruvate 
kinase; Indeed, no activity was observed in extracts of L. catenaformls 
In the absence of AMP (Table 3). Thus, the two lactobacilli differed 
from the third member of this phylogenetic subgroup, C. ramosum. 
Weisburg et al. (1989) reported that although the lactobacilli cluster 
with C. ramosum, they are more closely related to each other than to C. 
ramosum. 
The pyruvate kinase activity of An. Intermedium was not 
significantly Increased by any of the three effectors (Table 3). If the 
86 
absence of a11oster1c activation of pyruvate kinase is confirmed for 
mollicutes in general, this would indicate that allosteric regulation of 
this enzyme arose in the walled relatives after the wall-less organism(s) 
diverged from the walled progenitor(s). The absence of pyruvate kinase 
activity in >4s. anaerobium, an enzyme detected in all other mollicute 
species examined, is further phenotypic evidence of its distinct 
phenotypic status among the Mollicutes. 
We could not detect activity for either PPDK or pyruvate kinase in 
extracts of E. rhusiopathiae (Tables 2, 3). The addition of Glc-6-P, 
Fru-1,6-P2, or AMP had no effect. Robertson and McCullough (1968) 
reported that E. rhusiopathiae degrades glucose via the Embden-Meyerhof-
Parnas pathway, based on the distribution of among products of 
[i4C]glucose degradation. In the present study, the absence of 
detectable PPDK or pyruvate kinase activities in f. rhusiopathiae AVR-9 
indicates either that our methods were not suitable for detecting these 
enzymes in this organism, or that the avirulent vaccine strain used in 
the present study differed from strain S-192, which was used by Robertson 
and MGCullough (1968). 
PRP ParhoMYtrsnsph95PhprYlq99 
PEP carboxytransphosphorylase occurs in P. freundenreichii, P. 
acidlpropionici, some Rhodopseudomonas spp., Brevibacterlum amnonlagenes 
i"Corynebacterlum awmonlagenes"), and the Clostridium isolated from the 
cockroach gut (Cruden et al., 1983; Wood, 1985; Wood and Goss, 1985; Wood 
87 
et al., 1969). Acholeplasm laldlawll was reported to possess activity 
for PEP carboxytransphosphorylase (Beaman and Pollack, 1984; Tryon and 
Pollack, 1984), but more recently, workers from the same laboratory have 
not been able to confirm this activity (Manolukas et al., 1988). In the 
present study, activities for PEP carboxytransphosphorylase were detected 
by two methods In C. innocuum, S. pleomorphus, and C. ramosum (Table 4). 
Low levels of the enzyme were detected In the lactobacllll and the two 
strains of An. Intermedium by the method detecting PPi, but not by the 
method detecting oxaloacetate (Table 4). No PEP carboxytrans­
phosphorylase activity was detected In E. rhusiopathlae or 4s. anaerobium 
(Table 4). Thus, PEP carboxytransphosphorylase Is an additional PPi-
dependent enzyme possessed by some of the walled relatives of the 
Mo 17Icutes. 
Acetate kinase 
PPi-acetate kinase has been reported in Entamoeba histolytica 
(Reeves and Guthrie, 1975) and in Gram-negative sulfate-reducing 
anaerobes (Liu and Peck, 1981; but see Wood, 1985). We did not detect 
PPi-acetate kinase activity in the direction of acetyl phosphate in any 
of the organisms examined; duplicate extracts of all organisms were 
tested by the modified method of Bowman et al. (1976), and single 
extracts of C. innocuum MCC 14501?, C. ramosum, E. rhusiopathiae, L. 
catenaformis, and S. pleomorphus were tested by the method of Reeves and 
Guthrie (1975). However, all species had activity for ATP-acetate kinase 
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In the direction of acetyl phosphate [means of determinations 
(pmol/mln/mg) from two batches of cells except as noted]: C. innocuum, 
strain ATCC 14501?, 132; strain 7207, 355; S. pleomorphus, 228; C. 
ramosum, 77.9; L. catenaformis, 27.2; L. vltullnus, 16.4; E. 
rhuslopathiae, 155; An. anaeroblum strain 5LA, 30.3; strain 7LAT (single 
batch), 10.2; and ^s. anaeroblum (single batch), 424. [We did not 
attempt to determine ATP-acetate kinase activity In the direction of 
acetate and ATP synthesis because of the high levels of adenylate kinase 
activity In extracts of An. intermedium 5LA and As. anaeroblum 161?. 
Adenylate kinase, which converts two moles of AOP to one mole of ATP and 
one mole of AMP, Interfered with the assay for ATP production In the ATP-
acetate kinase reaction.] Muhlrad et al. (1981) did not detect ATP-
acetate kinase activity in Anaeroplasma abactoclastlcum 6-1? or An. 
intermedium 7LA?. These researchers used the hydroxylamlne method to 
detect acetyl phosphate production (Muhlrad et al., 1981; Skarstedt and 
Silversteln, 1976), the same method employed in the present study (Bowman 
et al., 1976; Skarstedt and Silversteln, 1976). Kotzé (1968) reported 
that the hydroxylamlne method is subject to Interference by substances in 
the sample and that it does not give reproducible results, but other 
researchers have used this method In extensive kinetic analyses of 
acetate kinase from VeilloneTla alcalescens (Bowman et al., 1976) 
and E. coll (Skarstedt and Silversteln, 1976). Robinson and co-workers 
(Robinson and Allison, 1975; Robinson et al., 1975) reported that acetate 
is produced from starch by An. abactoclasticum 6-1? and An. intermedium 
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strains 7LAT and 5LA. Thus, the correlation between the production of 
acetate from starch and the production of acetyl phosphate from acetate 
and ATP suggests that these strains do possess acetate kinase. 
PhYl909n9t1s Impliçatipng 
The possession of a PPi-dependent enzyme(s) by any two given species 
does not, by Itself, necessarily denote a phylogenetic relationship 
between those species. For example, the bacteria examined In the present 
study and Propionlbacterlum spp. share several PPi-dependent enzymes In 
common, but the proplonibacteria belong to a different subdivision of 
Gram-positive eubacteria, as determined by rRNA analysis (Woese, 1987). 
However, given that the bacteria examined In the present study are 
phylogenet1ca11y related to the mo111cutes, the occurrence of one or more 
PPi-dependent enzymes In each of these bacteria (enzymes that occur In 
other organisms infrequently) is phenotypic evidence that supports the 
proposed phylogenetic relationship between the mollicutes and their 
walled relatives. Two unrelated Clostridia, Clostridium blfermentans and 
C. butyricum, did not have detectable PPi-PFK or PPDK activities (data 
not shown). 
Among mollicutes, four PPi-dependent enzymes have been reported: 
PPi-PFK, PPDK, PEP carboxytransphosphorylase, and PPi nucleoside kinase. 
PPi nucleoside kinase has been found in all three orders of the Class 
Mollicutes (McElwain et al., 1988; Pollack et al., 1989), whereas the 
other three enzymes have been reported only among members of 
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the AchoîeplasmataJes and the Anaeroplasmatales (DeSantIs et al., 1989; 
Manolukas et al., 1988; Petzel et al., 1989; this study). The occurrence 
of multiple PPi-dependent enzymes among the Acholeplasmatales, the 
Anaeroplasmatales, and the walled phylogenetic relatives and the reported 
lack of any PPi-dependent enzymes besides PPi nucleoside kinase among the 
Mycoplasmatales, support the rRNA-sequence analyses that suggest the 
acholeplasmas and anaeroplasmas represent the first branch(es) from the 
walled group (Rogers et al., 1985; Woese, 1987). 
The findings reported here are phenotypic indicators of the 
phylogenetic relatedness of the molllcutes to certain walled bacteria. 
Distributions of these enzymes substantiate the subdivision of this 
phylogenetic group by 16S-rRNA analyses. Characterization of these 
enzymes at the structural level (Selander et al., 1986) could help 
elucidate evolutionary lineages within the Molllcutes and their walled 
relatives. 
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Table 1. 6-Phosphofructok1nase (PFK) activities in walled bacteria 
phylogenetically related to MoHlcutes and in strictly 
anaerobic mollicutes 
Species* PFK activity (nmol/min/mg)b 
PPi-PFK ATP-PFK 
Forward Reverse 
reaction reaction 
Clostridium 
innocuum ATCC 14501? 607 
Clostridium 
Innocuum 7207 255 
Streptococcus 
pleomorphus ATCC 29734? 646 
620 0.41c 
338 13.6C 
743 14.4c 
Clostridium 
ramosum 8546 
Lactobaci1 lus 
catenaformis ATCC 25536? 
Lactobaci1 lus 
Vitulinus ATCC 27783? 
NA<=' NA 67.8 
NA NA 203 
NA NA 53.2 
^Species are grouped by phylogenetic subdivisions as determined by 
Weisburg et al. (1989). 
boata are means of determinations from two batches of cells, except 
An. intermedium 7LA? and 4s. anaeroblum 161? (single batches of these 
were tested; see also footnote c). See text for details of assays. 
CATP-linked PFK activities in these organisms were detected in only 
one extract preparation (except for An. intermedium 5LA; the activity was 
detected in four preparations of this strain). See text for discussion. 
dNA, no activity detected. 
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Table 1 (Continued) 
Species® PFK activity (nmo1/min/mg)b 
PPi-PFK 
Forward Reverse 
reaction reaction 
ATP-PFK 
Eryslpelothrix 
rhuslopathlae AVR-9 924 957 NA 
Anaeroplasma 
Intermedium 5LA 
Anaeroplasma 
Intermedium TLA""" 
378 
119 
191 
80.2 
38.7C 
4.2C 
Asteroleplasma 
anaerobium 161? NA NA 37.4 
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TABLE 2. Pyruvate, orthophosphate dikinase (PPDK) activities in walled 
bacteria phylogenetically related to Molllcutes and in 
strictly anaerobic molllcutes 
Species* PPDK activity (nmo1/min/mg)b 
Assay for 
ATP 
Assay for 
pyruvate 
Clostridium Innocuum ATCC 14501? 
Clostridium Innocuum 7207 
Streptococcus pleomorphus ATCC 29734? 
9.7 
13.4 
30.0 
11.7 
12.1 
29.6 
Clostridium ramosum 8546 
Lactobacillus catenaformls ATCC 25536? 
Lactobacillus vltuiInus MCC 27783? 
67.1 
16.9 
23.1 
94.4 
105 
30.5 
Eryslpelothrix rhuslopathlae AVR-9 NAG NA 
Anaeroplasma Intermedium 5LA 
Anaeroplasma Intermedium 7LA? 
NA 
NA 
NA 
NA 
Asteroleplasma anaeroblum 161? 112 335 
^Species are grouped by phylogenetic subdivisions as determined by 
Weisburg et al. (1989). 
boata are the means of determinations from two batches of cells 
(except An. Intermedium TLA? and As. anaeroblum 161?; single batches of 
these were tested). See text for details of assays. 
SNA, no activity detected. 
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TABLE 3. Effects of three potential allosteric activators on pyruvate 
kinase activities In walled bacteria phylogenetlcally related 
to Molllcutes and In strictly anaerobic molllcutes 
Pyruvate kinase 
Species® activity (nmol/mln/mg) with»: 
No 0.5-mff 1.5-mff 0. Stn-M 
additives Fru-1,6-f% AMP Qlc-6-P 
Clostridium 
1 nnocuum A7C0 14501? 7.0 10 49 126 
Clostridium 
Innocuum 7207 14 31 43 280 
Streptococcus 
pleomorphus klCC^ 1.3 0.52 NA 4.4 
Clostridium 
ramosum 8546 20 19 196 539 
Lactobaci1 lus 
catenaformis ATCC? NA NA 257 NA 
Lactobacillus 
Vltullnus ATCQT 124 316 813 660 
Eryslpelothrix 
rhuslopathlae AVR-9 NA NA NA NA 
^Species are grouped by phylogenetic subdivisions as determined by 
Welsburg et al. (1989). 
boata are the means of determinations from two batches of cells 
(except An. Intermedium 7LAT and As. anaeroblum 161?; single batches of 
these were tested). See text for details of assays. Fru-1,6-P&, 
fructose 1,6-blsphosphate; AMP, adenosine 5'-monophosphate; Glc-6-P, 
glucose 6-phosphate; NA, no activity detected. 
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Table 3 (Continued) 
Pyruvate kinase 
Species® activity (nmol/mln/mg) withb; 
No 0.5-mff 1.5-fitM 0. Stn-M 
additives Fru-1,6-P2 AMP Qlc-6-P 
Anaeroplasma 
Intermedium SLA 168 159 171 175 
Anaeroplasma 
Intermedium 7LAT 81 85 90 80 
Asteroleplasma 
anaerobium 161? NA NA NA NA 
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TABLE 4. PEP carboxytransphosphorylase activities In walled bacteria 
phylogenetically related to Mollicutes and In strictly 
anaerobic mollicutes 
PEP carboxytransphosphorylase 
Species* activity (nmo1/m1n/mg)b 
Assay for 
oxaloacetate 
Assay for 
PPi 
Clostridium innoccum ATCC 14501? 
Clostridium innocuum 7207 
Streptococcus pleomorphus ATCC 29734? 
5.5 
21.6 
27.1 
22.1 
80.5 
25.3 
Clostridium ramosum 8546 
Lactobacillus eatenformis ATCC? 
Lactobacillus vitulinus ATCC 27783? 
8.2 
NAG 
NA 
5.5 
2.5 
0.71 
Erysipelothrix rhusiopathiae AVR-9 NA NA 
Anaeroplasma intermedium 5LA 
Anaeroplasma intermedium 7LA? 
NA 
NA 
7.4 
5.7 
Asteroleplasma anaerobium 161? NA NA 
^Species are grouped by phylogenetic subdivisions as determined by 
Welsburg et a1. (1989). 
boata are the means of determinations from two batches of cells 
(except An. Intermedium 7LA? and As. anaerobium 161?; single batches of 
these were assayed twice). See text for details of assays. 
CNA, no activity detected. 
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SUMMARY AND DISCUSSION 
Enzyrolc Activities of Strictly Anaerobic Molllcutes 
The first part of my dissertation research Involved the examination 
of two strictly anaerobic molllcutes, Anaeroplasm Intermedium (sterol-
requiring) and Asteroleplasma anaeroblum (sterol-nonrequiring), for 
intracellular enzymic activities of carbohydrate metabolism. As. 
anaeroblum was also examined for enzymes of purine and pyrimidine salvage 
and interconversion. The second part of my research Involved several 
pyrophosphate-dependent (PPi-dependent) enzymes. These enzymes are 
uncommon in prokaryotes (Wood, 1985), but they occur more frequently 
among molllcutes (DeSantis et al., 1989; McElwain et al., 1988; Pollack 
et al., 1989). Therefore, the walled bacteria that have been proposed to 
be phylogenetically related to the molllcutes by rRNA analyses were 
examined in the present study for several PPi-dependent enzymes. In 
addition, the strictly anaerobic molllcutes were examined for growth 
stimulation by carbohydrates and for their ability to degrade 
colorimetric substrates for a variety of glycosidases, esterases, 
lipases, and peptidases (see appendices). 
The first part of this dissertation determined that the pathways of 
carbohydrate and purine and pyrimidine metabolism in the strictly 
anaerobic molllcutes were similar to those reported for the facultatively 
anaerobic molllcutes. However, some Important differences were also 
detected. 
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Other Investigators have reported that the facultatively anaerobic, 
sterol-requlring molllcutes (the Mycoplasmatales) and the facultatively 
anaerobic, sterol-nonrequlring molllcutes (the Acholeplasmatales) can be 
distinguished by several enzymic characteristics. First, unlike the 
Mycoplasmatales, the acholeplasmas have enzymes of the oxidative shunt 
portion of the pentose phosphate pathway, G1c-6-P and 6-PG dehydrogenase 
(DeSantIs et al., 1989; Lake-Bullock et al., 1989; O'Brien et al., 1981; 
Pollack, 1986; Pollack et al., 1989). Second, the acholeplasmas have 
PPi-dependent phosphofructokinase (PPi-PFK), whereas the Mycoplasmatales 
have ATP-PFK (Cocks et al., 1985; DeSantls et al., 1989; Lake-Bullock et 
al., 1989; Pollack et al., 1989). Third, acholeplasmas have hexokinase 
activity, whereas most of the Mycoplasmatales do not (Castrejon-Dlez et 
al., 1963; Cocks et al., 1985; DeSantls et al., 1989; Lake-Bullock et 
al., 1989; Lanham et al., 1980; Pollack, 1986; Sallh et al., 1983). 
These three criteria that distinguish the sterol-requlring and 
sterol-nonrequlring, facultatively anaerobic molllcutes were not found in 
the present study to apply to the strictly anaerobic molllcutes. Neither 
As. anaeroblum nor An. Intermedium possessed Qlc-6-P or 6-PQ 
dehydrogenases. The sterol-requlring species An. Intermedium and An. 
bactoclastlcum had PPi-PFK whereas the sterol-nonrequlring /Is. anaeroblum 
had only ATP-PFK. Thus, the correlation between sterol requirement and 
cofactor specificity for PFK activity in the strictly anaerobic 
molllcutes is the converse of that in the facultatively anaerobic 
molllcutes. In regard to the third criterion, hexokinase activity, 
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An. Intermedium possessed this enzyme but As. anaeroblum did not. Once 
again, the correlation between sterol-requirement and the presence of 
this enzyme In the strictly anaerobic molllcutes was the converse of that 
In the facultatively anaerobic molllcutes. 
The strictly anaerobic molllcutes were found In the present study to 
possess some enzymic activities that set them apart from the rest of the 
molllcutes. As. anaeroblum possessed the PPi-dependent enzyme pyruvate, 
orthophosphate d1kinase (PPDK) that Interconverts phosphoeno/pyruvate 
(PEP) and pyruvate. Manolukas et al. (1988) did not detect PPDK In the 
ten molllcutes that they studied. Instead, all the other molllcutes 
examined possess the ATP-1Inked pyruvate kinase that catalyzes an 
analogous reaction (Cocks et al., 1985; Davis et al., 1988, 1989; Lake-
Bullock et al., 1989; Lanham et al., 1980; Manolukas et al., 1988). In 
the present study, An. Intermedium VISLS like the majority of molllcutes In 
that It possessed pyruvate kinase but not PPDK activity. 
Except for malate dehydrogenase, no enzyme of the tricarboxylic 
(TCA) cycle has been conclusively demonstrated In the molllcutes (Lanham 
et al., 1980; Manolukas et al., 1988; O'Brien et al., 1981). In the 
present study, however, isodtrate dehydrogenase (NADPH-dependent) (ICDH) 
was detected In extracts of An. Intermedium, distinguishing It from all 
other molllcutes. The biological significance of this is uncertain 
because citrate synthase was not detected in An. Intermedium; this enzyme 
normally precedes ICDH in the TCA cycle. Citrate synthase generates 
isodtrate, the substrate for ICDH; ICDH then converts isodtrate to 
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a-ketog1utarate. a-Ketog1utarate Is a reactant 1n the aspartate 
aminotransferase reaction, an enzyme that An. Intermedium possesses. On 
the other hand, if An. intermedium ms in an environment where isocitrate 
was available, the organism could oxidize this substrate, concomitantly 
generating NADPH. Because An. Intermedium lacks the oxidative shunt 
portion of the pentose phosphate pathway, it cannot generate 
biosynthetically important NADPH in this manner. Thus, the potential 
generation of NADPH by ICDH takes on added importance. 
The ostensive occurrence of ICDH but not citrate synthase in An. 
Intermedium implies that this organism may have once had the genetic 
information for the production of citrate synthase, but that this genetic 
information may have been lost during the genome reductions that are 
proposed to have occurred during the degenerative evolution of wall-less 
prokaryotes (Rogers et al., 1985; Sladek, 1986). The paucity of 
metabolic capabilities of mollicutes has been explained in part by the 
proposed genome reductions in these organisms and their resulting limited 
genomic content (Berry et al., 1987; Davis et al., 1988; Williams and 
Pollack, 1988). DeSantis et al. (1989) have suggested that the presence 
of Glc-6-P isomerase and the absence of PFK and aldolase in 
nonfermentative mycoplasmas may be the result of the retention of the 
genetic Information for Glc-6-P Isomerase from a phylogenetic progenitor 
with a more complete glycolytic capability. An analogous situation may 
exist with ICDH in An. intermedium. 
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Another distinction of the anaerobic mollicutes was the presence of 
PEP carboxykinase (EC 4.1.1.31/49) in An. Intermedium; the activity was 
dependent on the presence of ADP (or GDP) and fructose-1,6-P2 (Fru-1,6-
P2). Furthermore, the enzyme was active at pH 6.6 (lOOmW imidazole) but 
not at 7.8 (SOmWTris). Manolukas et al. (1988) did not detect PEP 
carboxykinase in ten mycoplasmas and acholeplasmas; these investigators 
performed the assays at pH 7.4 (lOOmWHEPES) in the absence of Fru-1,6-
Pz. However, Manolukas et a1. (1988, 1989) detected PEP carboxylase (EC 
4.1.1.31) in Acholeplasma spp. but not In Mycoplasma spp. The PEP 
carboxylase activity was stimulated by Fru-1,6-P2, but it was active in 
the absence of ribonucleotides. Thus, acholeplasmas and An. intermedium, 
unlike other mollicutes, are able to carboxylate PEP to oxaloacetate, 
although apparently by different mechanisms. 
The purine metabolism of As. anaeroblum, examined in the present 
study, and An. Intermedium, examined by McElwain et al. (1988), was 
similar to that of the other mollicutes (McElwain et al., 1988). The 
strictly anaerobic mollicutes are able to interconvert purine bases, 
(deoxy)ribonucleosides, and (deoxy)ribomononucleotides. The nucleoside 
kinase activity of As. anaeroblum was active with PPi but not with ATP; 
acholeplasmas, spiroplasmas, An. intermedium, and some strains of Af. 
hominis have PPi-nucleoside kinase activity (McElwain et al., 1988; 
Pollack et al., 1989). PPi-nucleoside kinase 1s unique to the 
Mollicutes. 
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The pyrlmldine metabolism of As. anaeroblum \ias examined in the 
present study and compared with the enzymes of pyrlmldine metabolism 
detected by McElwain et al. (1988) in An. Intermedium. Whereas An. 
intermedium possessed both dCyd deaminase (Williams, Petzel, and Pollack, 
unpublished result) and dCMP deaminase (McElwain et al., 1988), neither 
enzyme was detected in As. anaeroblum (this study). However, the two 
strictly anaerobic moHicutes were similar to one another in that they 
lacked dCyd kinase (McElwain et al. 1988; this study). The inability to 
form dCMP from dCyd distinguishes An. Intermedium and As. anaeroblum from 
the rest of the mollicutes (McElwain et al., 1988). Both organisms, 
however, have dCMP kinase activity (McElwain et al., 1988; Williams, 
Petzel, and Pollack, unpublished result). Thus, if the strictly 
anaerobic mollicutes are able to incorporate exogenous 
deoxyribomononucleotides [as M. mycoides subsp. mycoides can (Neale et 
al., 1984)], then they would be capable of dCyd nucleotide synthesis by 
the salvage pathway. 
Enzymological Evidence Supportive of the Phylogenetic Relationships 
among Mollicutes and their Walled Relatives 
Subgroups among the walled relatives 
Six walled bacteria (Clostridium innocuum, C. ramosum, 
Erysipelothrix rhusiopathiae, Lactobacillus catenaformis, L. vitulinus, 
and Streptococcus pleomorphus) that are proposed to be phylogenetically 
related to the mollicutes based on rRNA-sequence analyses (Ludwig et al., 
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1988; Welsburg et al., 1989; Woese, 1985; Woese et al., 1980, 1985) were 
examined in the present study for PPi-dependent enzymes. PPi-dependent 
enzymes are uncommon, and in most bacteria, ATP serves as the phosphoryl 
donor in analogous reactions instead of PPi (Reeves, 1987; Wood, 1985). 
PPi-dependent enzymes occur more frequently among the Mollicutes, 
however. 
The first report of a PPi-dependent enzyme in the Mollicutes was by 
Beaman and Pollack (1984), who detected PEP carboxytransphosphorylase 
(PEP-CTP; EC 4.1.1.38) in A. Taldlawil. However, workers from the same 
laboratory could not confirm this finding (Manolukas et al., 1988). 
Tryon and Pollack (1984) reported the occurrence of another PPi-dependent 
enzyme in the Mollicutes. PPi-dependent nucleoside kinase activity was 
detected in A. laidlawii; this was the first report of a PPi-dependent 
nucleoside kinase in any organism. PPi-nucleoside kinase has 
subsequently been detected in splroplasmas, the two strictly anaerobic 
mollicutes, and some strains of M. hominis (McElwain et al., 1988; 
Pollack et al., 1989; this study). Pollack and Williams (1986) 
demonstrated that a third PPi-dependent enzyme, PPi-PFK, was present in 
Acholeplasma spp. This enzyme has not been detected in mycoplasmas or 
splroplasmas (DeSantis et al., 1989; Lake-Bullock et al., 1989; Pollack 
et al., 1989), but it was observed in An. intermedium and An. 
bactoclasticum (this study). Thus, two and possibly three PPi-dependent 
enzymes have been detected among the mollicutes. 
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Because of this prominent occurrence of PPi-enzymes in the 
Mollicutes, I decided to examine their walled relatives for four PPi-
dependent enzymes: PPi-PFK, PPDK, PEP-CTP, and PPi-acetate kinase. 
Differences in enzymic cofactor specificity (in the present study, PPi 
versus ATP) is one criterion used by Jensen (1985) to examine the 
evolution of bacteria and their metabolic pathways. A search for these 
uncommon PPi-dependent enzymes in a group of phylogenetically related 
bacteria might be fruitful as a phenotypic Indicator of their 
relatedness. Furthermore, if the occurrence of one or more of these PPi-
dependent enzymes among members of this phylogenetic unit was not 
uniform, the distribution of the enzyme(s) could be compared with the 
subdivisions of the larger phylogenetic unit to determine if there was a 
correlation. 
Welsburg et al. (1989) used 16S-rRNA analysis to subdivide the six 
walled relatives of the mollicutes into smaller clusters. C. innocuum 
and 5. pleomorphus formed one cluster. C. rmosum clustered with L. 
catenaformis and L. vitullnus, with the lactobacilli being more closely 
related to each other than to the Clostridium. E. rhusiopathlae did not 
cluster with any of the other walled relatives. 
PPi-PFK was detected in the cluster formed by C. Innocuum and S. 
pleomorphus, but not In the cluster of C. ramosum and the two 
lactobacilli (this latter group had only ATP-PFK); E. rhuslopathiae had 
PPi-PFK activity. All of the walled relatives except E. rhusiopathlae 
had PPDK activity. Thus, PPDK is proposed to be a phenotypic indicator 
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of the general phylogenetic relatedness of this group, but the enzyme 
cannot be used to substantiate the subdivisions of this group. PEP-CTP 
was detected by two methods In C. Innocuum and S. pleomorphus, which form 
one cluster, and in C. ramosum. The two lactobacilli, which are a 
subcluster within the C. ramosum cluster, had low PEP OTP activity in the 
assay for the appearance of PPi; no activity was detected with the assay 
for oxaloacetate. The enzyme was not detected in 5. rhusiopathiae. None 
of the bacteria examined in the present study possessed PPi-acetate 
kinase activity. This enzyme has only been reported in the protozoan 
Entamoeba histolytica (Wood, 1985) and in Gram-negative, sulfate-reducing 
anaerobes (Liu and Peck, 1981). Since their initial report, however, Liu 
and Peck (cited by Wood, 1985) have encountered difficulties in 
confirming the presence of PPi-acetate kinase in the sulfate-reducing 
anaerobes. Finally, a11 the walled phylogenetic relatives of the 
mollicutes, except f. rhusiopathiae, possessed pyruvate kinase. In four 
of these species, Glc-6-P was a better activator of the enzyme than Fru-
1,6-Pg. This pattern of allosteric activation of pyruvate kinase has 
been reported in only a few bacteria (Smart and Pritchard, 1979; Yamada 
and Carlsson, 1975); in most other bacteria, Fru-I.G-fb is a primary 
activator (Sanwal, 1970; Smart and Pritchard, 1979). Thus, the 
occurrence of this uncommon allosteric pattern in these bacteria is an 
indication of their relatedness. 
In sutranary, C. innocuum and S. pleomorphus, which formed one 
cluster, were similar in regards to all the PPi-dependent enzymes; both 
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had PPi-PFK, PPDK, and PEP-CTP. Each of the members of the second 
cluster (C. ramosum, L. catenaformis, and L. vitullnus) had PPDK and ATP-
PFK but not PPi-PFK. The two lactobacllll, which are more closely 
related to one another than to C. ramosum, could be distinguished from 
this Clostridium 1n regards to PEP-CTP and pyruvate kinase. PEP-CTP was 
detected by two methods In C. ramosum, but 1t was detected, at low 
levels, only by the PPi assay In the two lactobacllll. The pyruvate 
kinase activity of the lactobacllll were activated to a greater degree by 
AMP than by Glc-6-P; the opposite was true with C. ramosum. B. 
rhusiopathiae was distinct from the other five walled relatives of the 
molUcutes in three properties: (1) neither PPDK nor pyruvate kinase was 
detected In this organism; (11) PPi-PFK but not ATP-PFK was detected in 
this organism; the other species determined to have PPi-PFK activity In 
the present study also possessed putative ATP-PFK (see Results and 
Discussion in Section II); and (111) PEP-CTP was not detected In E. 
rhusiopathiae. 
PPi-dependent enzymes are not the only enzymes that are potentially ' 
useful In substantiating the phylogenetic relatedness of the molllcutes 
and certain walled bacteria. Berry et al. (1987) characterized the 
pathway of aromatic amino add biosynthesis in A. laldlawll. The pattern 
of allosteric regulation of prephenate dehydratase was supportive of the 
proposed phylogenetic relationship between molllcutes and the low-G + C, 
Gram-positive bacteria. Another enzyme of potential Interest was 
described by Akao et al. (1988) In C. innocuum. This Clostridium 
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possessed a novel enzyme, 3a-hydroxyg1ycyrrhet1nate dehydrogenase, that 
converts 3-ketoglycyrrhet1nate to 3a-hydroxyglycyrrhet1nate. These 
compounds are metabolites of glycyrrhlzin, the active component of 
liquorice, an oriental medicine. If this enzyme were found in 
mollicutes, it could provide evidence of their phylogenetic relatedness 
to C. Innocuum. Unfortunately, the substrate is not commercially 
available. 
Subgroups among the mollicutes 
When compared with the enzymic characteristics reported in the 
literature for the other mollicutes, some of the enzymic characteristics 
of the strictly anaerobic mollicutes determined in the present study 
correlated with the phylogenetic subdivisions of the mollicutes proposed 
by Woese and colleagues using rRNA analyses (Rogers et al., 1985; 
Weisburg et al., 1989). 
Rogers et al. (1985) proposed that the acholeplasmas represent the 
first branch of wall-less organisms to diverge from the walled 
progenitors. Anaeroplasmas split from the acholeplasmas somewhere close 
to the original divergence, although the exact placement of the 
anaeroplasma branch is uncertain (Rogers et al., 1985). This close 
association of the acholeplasmas and anaeroplasmas was confirmed by 
Weisburg et al. (1989), who reported that acholeplasmas and anaeroplasmas 
form a monophyletic subgroup among the mollicutes and their walled 
relatives. In regard to enzymic characteristics, A. laidlawll and 
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An. intermedium differed with respect to the enzymes of the oxidative 
shunt portion of the pentose phosphate pathway and the presence of ICDH. 
However, they were similar to one another (and distinct from the 
Mycoplasmatales) in that they possessed hexokinase, PPi-PFK, and they 
were able to carboxylate PEP to oxaloacetate (OeSantis et al., 1989; 
Manolukas et al., 1988, 1989; this study). Furthermore, McElwain et al. 
(1988) reported that A. laldlawll and An. intermedium could not be 
distinguished by their purine and pyrimidine metabolism. Examination of 
the biosynthetic pathway for aromatic amino acid biosynthesis in the 
anaeroplasmas could potentially provide further evidence of the 
relatedness of acholeplasmas and anaeroplasmas. 
As. anaerobium was determined in the present study to posssess PPOK; 
this PPi-dependent enzyme has not been detected in any other mol 11cute 
(Manolukas et al., 1988). This characteristic of As. anaerobium may be a 
reflection of its unique phylogenetic status among the mollicutes 
(Weisburg et al., 1989). 
In concluding this discussion, I would like to address a taxonomic 
question that I believe will present difficulties in the future. Binder 
and Kirchhoff (1988) recently described the isolation of sterol-
nonrequiring, "obligately anaerobic" mollicutes from the intestines of 
swine. These isolates were oxyduric; they survived several hours in the 
air, but they required anaerobic conditions for growth. Thus, these 
organisms would be classified as obligate anaerobes by the definition of 
Hungate (1985) because they require anaerobic conditions for growth. 
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although they survive exposure to oxygen. Binder and Kirchhoff (1988) 
proposed that the anaerobic nature and sterol Independence of their 
isolates warrented the creation of a new species in the genus 
Asteroleplasma. However, As. anaerobium and Anaeroplasma spp. are not 
obligate anaerobes isensu Hungate); they are killed by even brief 
exposure to O2 (Robinson, 1979; Robinson and Freundt, 1987). Thus, they 
would be classified as oxylabile anaerobes by Hungate (1985) or strict 
anaerobes by Gottschalk (1986). This terminology is crucial, because 
Robinson and Freundt (1987) used the term "obligately anaerobic" in the 
descriptions of the order Anaeroplasmatales and family 
Anaeroplasmataceae. Thus, both Robinson and Freundt (1987) and Binder 
and Kirchhoff (1988) utilized the term "obligately anaerobic" in the 
descriptions of the organisms involved, but the term was used in a 
different sense in the two reports. 
Because of this disparity between the natures of anaerobiosis as 
described by Robinson and Freundt (1987) and Binder and Kirchhoff (1988), 
the isolates of Binder and Kirchhoff cannot be classified in the genus 
Asteroleplasma or even in the order Anaeroplasmatales as they are 
currently described. Therefore, the following recommendations are made. 
First, standard definitions of terms for different degrees of 
anaerobiosis should be adopted and utilized in the descriptions of 
Mollicutes. 
Second, ONA-DNA hybridization studies with As. anaerobium and the 
swine isolates should be conducted to determine the degree of 
115 
relatedness. In addition, the Q + C content of the DNA of the swine 
isolates should be determined. As. anaeroblum has a G + C content of 
40.2 mo1%; except for M. pneumoniae, all other mollicutes have a G + C 
content of less than 36 mol% (Razin and Freundt, 1984). Because As. 
anaeroblum is phylogenetically distinct among mollicutes (Weisburg et 
al., 1989), a phylogenetic comparison of the 16S-rRNA sequences of As. 
anaeroblum and the swine isolates would be informative. 
Third, and finally, if Binder and Kirchhoff wish to classify their 
isolates in the order Anaeroplasmatales, the description of this order 
must be changed such that inclusion of an obligately anaerobic molllcute 
{sensu Hungate) would be appropriate. A distinction between obligately 
anaerobic organisms (sensu Hungate) and strictly anaerobic organisms 
(sensu Gottschalk) should be maintained at the genus or family level. 
If such a radical revision of the order Anaeroplasmatales is 
proposed, the inclusion of other mollicutes would be warranted. For 
example, Mycoplasma murls requires anaerobic conditions for growth 
(McGarrity et al., 1983); it is apparently an obligate anaerobe (sensu 
Hungate). The preferred, initial step before making radical taxonomic 
changes of this sort would be a genetic comparison of Binder and 
Kirchhoff's (1988) isolates with members of the Anaeroplasmatales and 
AchoJeplasmatales. The examination of the swine isolates for PPi-PFK and 
PPDK would also be informative. 
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APPENDIX A: CULTURE MEDIA FOR AHAEROPLASHA SPP. AND 
ASTEROLEPLASHA ANAERTOBIUH 
This dissertation research required the routine cultivation and 
harvesting of the strictly anaerobic mollicutes. Rumen fluid-based media 
(Robinson, 1979) support good growth of these bacteria. However, rumen 
fluid-based media were deemed unsuitable for cultivation and harvesting 
of cells for physiological studies for a number of reasons. First, the 
collection and processing of rumen contents is laborious. Second, rumen 
fluid obtained at different times varies in its stimulatory properties. 
In addition, it was desired that the culture medium used for 
physiological studies not have an ingredient as complex and ill-defined 
as rumen fluid. Third, media made with some batches of rumen fluid had 
small amounts of precipitate after autoclaving (despite extensive 
processing of the rumen fluid). This precipitate may have interfered 
with the harvesting of cells and subsequent osmotic lysis and preparation 
of cell-free extracts. 
After extensive variations were tried, two media were developed 
based on the formulation of MH-10 (Robinson, 1979). Anaeroplasma spp. 
were cultured in S-2 broth and Asteroleplasma anaerobium grew best in CAM 
broth (Table A1). These media had slight precipitates from the lipids, 
but they were minimal compared to other formulations. 
The following observations were made about S-2 and CAM broths. Not 
all lots of Phytone, soluble starch, and carbohydrates supported good 
growth. If available, cell-culture tested products should be used and 
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several lots should be compared. Delivery of the lipids solution in a 
volume of less than 8 ml per liter of medium resulted In the medium being 
more opaque and less productive. Polyvinylpyrrolidone reduced the 
effects of some Inhibitory lots of other Ingredients. The media were 
sterilized In round-bottom flasks placed In containers to hold the flasks 
upright. The containers should allow free flow of the steam around the 
bottom of the flasks (I.e., wire baskets). If the flasks were placed in 
plastic beakers of slightly larger diameter than the flasks, the media 
were not sterile after 1 h at 121°C. 
Media containing cottonseed peptones (Proflo, Traders Protein, 
Memphis, TN) or soybean lipids (#652 229; Boehringer Mannheim, 
Indianapolis, IN) were substantially more stimulatory than the standard 
formulation of S-2 broth (Table A1), but their addition resulted in a 
greater amount of precipitate. 
Finally, in the earlier 1980s, Corning and Kimble redesigned their 
lines of round-bottom flasks, increasing the diameters of the necks. For 
example, the 500-ml flask was changed from a 04-size stopper to #6, and 
the 1000-ml flask was changed from a #6 stopper to #8. These larger-neck 
flasks have less mechanical strength, and they frequently broke in the 
autoclave. Therefore, custom-made flasks with the narrower necks were 
obtained at moderate prices from Lab Glass, Inc., Vineland, NJ. 
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Table Al. Culture media for strictly anaerobic mollicutes 
S-2 CAM 
Ingredient Broth® Broth* 
BBL Phytone (or Deltown Chemurgic 2.0 g 
papale digest of soy] 
Difco brain heart infusion 2.0 g 
Olfco Casamino acids - 6.0 
Difco Soytone 1.0 g 
Difco malt extract 1.5 g 1.5 g 
Yeast extract 1.0 g 1.0 g 
Maltose 1.0 g 1.0 g 
Glucose 0.5 g 0.5g 
Difco soluble starch 2.5 g 2.5 g 
Polyvinylpyrrolidone (Sigma PVP-40) 10.0 g 10.0 g 
HzO 875 ml 875 ml 
*Both media are supplemented with minerals, volatile fatty acids, 
resazurin, and cysteine hydrochloride as specified in Appendix C, Table 
CI. The pH Is adjusted to 7.2 with approximately 6.25 ml of 7.5 W NaOH. 
The media are prepared anaerobically under CO2 by the modified Hungate 
technique. After sterilization, the media are supplemented with 94 ml 
of 8% NazCOa (sterile and under CO2) and 8 ml of an ethanollc solution 
of cholesterol (2.5 mg/ml, analytical grade) and soybean lecithin (22.5 
mg/ml of Calbiochem 429415; other preparations were not satisfactory). 
The cholesterol Is dissolved by warming at 55'C In a stoppered tube. 
The lipids solution is sterilized by filtration (Millipore SLGV025LS); 
final concentrations of the lipids in the media are 20 pg of 
cholesterol/ml and 180 pg of lecithin/ml. The medium Is then sparged 
with CO2 until the resazurin is once again colorless. See text for 
discussion. 
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APPENDIX B: 
ENZYMIC ACTIVITIES OF 
STRICTLY ANAEROBIC MOLLICUTES 
DETERMINED WITH API ZYM GALLERIES 
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Table 81. Enzymic activities of strictly anaerobic mollicutes 
determined with API ZVM substrate galleries 
Enzyme Strain® Strain Strain Strain Strain 
JRT 7LAT 5LA A-2T 16IT 
Peptidase gallery I: 
L-Tyr arylamidasa 
L-pyrrolidone arylamidase 1+ - - - -
L-Phe arylamidase 1+ ± ± - -
L-Lys arylamidase 1+ 3+ 5+ 1+ 3+ 
L-Hydroxyproline 
arylamidase 3+ 5+ 5+ 3+ 5+ 
L-His arylamidase 1+ 1+ 3+ 1+ 2+ 
Gly arylamidase 1+ ± ± - -
L-Asp arylamidase - - - - -
L-Arg arylamidase 1+ 2+ 3+ - 2+ 
L-Ala arylamidase 2+ 2+ 3+ 2+ -
Peptidase gallery II: 
r-Glutamy1transferase 
N-Benzoyl-leu arylamidase 
^Strain JRT = Anaeroplasma bactoclastlcum; strains TLA^ and SLA = 
An. Intermedium; strain A-2 = An. varlum; strain 161? = AsterolepTasma 
anaeroblum. Cells were harvested from 800 ml of 8-2 broth (Appendix A), 
washed in EW buffer (Section I), and resuspended in 0.85% NaCl 
bExcept for the Osidase gallery, all reactions were scored on a 
scale of 1+ to 5+ (5+ being the most intensely positive) by using a 
scoring chart provided with the galleries. Negative reactions are 
reported as and equivocal reactions are reported as "±". 
Reactions for the Osidase gallery are reported as positive (+), 
negative (-), or equivocal (±). 
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Table 81 (continued) 
Enzyme Strain Strain Strain Strain Strain 
JRT 7LAT 5LA A-2T 161? 
S-Benzyl-cys arylamidase - ± ± - -
Met arylamidase 1+ 1+ 2+ 1+ ± 
Gly-gly arylamidase 3+ 1+ 1+ 2+ -
Gly-phe arylamidase 1+ ± 1+ 1+ -
Gly-pro arylamidase ± 3+ 2+ 1+ 3+ 
Leu-gly arylamidase 2+ ± 1+ 1+ -
L-Ser-tyr arylamidase 1+ - ± ± ± 
Peptidase aallerv III: 
N-CBZ-arg-4-methoxy 
arylamidase - - - - -
L-Gln arylamidase 2+ 2+ 3+ 1+ 1+ 
a-L-Glu arylamidase - - - - -
L-Ile arylamidase ± ± ± - -
L-Orn arylamidase 1+ 1+ 2+ ± 1+ 
L-Pro arylamidase 3+ 5+ 5+ 4+ 5+ 
L-Ser arylamidase 1+ 1+ 2+ 1+ -
L-Thr arylamidase - - - - -
L-Trp arylamidase 2+ 1+ 2+ - -
N-CBZ-gly-gly-arg 
arylamidase - - - - -
Peptidase gallery IV: 
B-Ala arylamidase - - - - -
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Table B1 (continued) 
Enzyme Strain Strain Strain Strain Strain 
JRT 7LAT 5LA A-2T 161? 
L-Ala-L-arg arylamldase 1+ 1+ 2+ 1+ 
L-Ala-L-phe-L-pro 
arylamldase 1+ 1+ 2+ 1+ ± 
L~Ala-L-phe-L-pro-L-ala 
arylamldase 2+ - - ± -
L-arg-L-arg arylamldase 1+ 1+ ± 
o-L-Asp-L-ala arylamldase 3+ 1+ 3+ 2+ 
o-L-Asp-L-arg arylamldase ± - ± 1+ 
a-L-Glu-a-L-glu arylamldase - - - - -
a-L-Glu-L-hls arylamldase ± ±1+ ± 
Gly-L-ala arylamldase 2+ 1+ 2+ 1+ 
Peptidase gallery V: 
Gly-L-arg arylamldase 1+ ± 1+ 
Gly-L-trp arylamldase 1+ - 1+ 
± 
+ 
L-H1s-L-1eu-L-h1S 
arylamldase ± - - ±1+ 
L-H1s-L-ser arylamldase ± ± - ± -
L-Leu-L-ala arylamldase 2+ 1+ 2+ 1+ 
L-Leu-L-leu-L-valyl-
L-tyr-L-ser arylamldase - - - ± -
L-Lys-L-ala arylamldase 2+ 1+ ± 
L-Lys-L-lys arylamldase ± - ± ± -
L-Phe-L-arg arylamldase ± 1+ ± ± 
L-Phe-L-pro arylamldase 1+ 3+ 3+ 1+ 4+ 
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Table B1 (continued) 
Enzyme Strain Strain Strain Strain Strain 
JRT 7LAT 5LA A-2T 161? 
Peptidase gallery VI: 
L-Phe-L-pro-L-a1a 
arylamldase 2+ - - ± 2+ 
L-Pro-L-arg arylamldase 1+ - 1+ ± -
L-Ser-L-arg arylamldase 2+ ± 2+ 1+ -
L-Valyl-L-tyr-L-ser 
arylamldase ± - - - -
N-Benzoy1-L-ala-4-methoxy 
arylamldase - - - - -
N-CBZ-arg-4-methoxy 
arylamldase - - - - -
N-Acety1-g1y-L-1ys 
arylamldase - - - - -
L-H1s-L-phe arylamldase 1+ - - ± -
L-Lys-L-ser-4-methoxy 
arylamldase ± - - ± -
Esterase aallerv: 
Butyrate 1+ 5+ 5+ 1+ 5+ 
Valerate 2+ 5+ 5+ 2+ 5+ 
Caproate 3+ 5+ 5+ 3+ 5+ 
Caprylate 3+ 5+ 5+ 3+ 5+ 
Nonanoate 3+ 5+ 4+ 3+ 5+ 
Caprate 3+ 2+ 5+ 3+ 3+ 
Laurate ± 1+ 3+ 2+ 1+ 
Myristate - — 2+ ± -
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Table B1 (continued) 
Enzyme Strain 
JRT 
Strain 
7LAT 
Strain 
5LA 
Strain 
A-2T 
Strain 
161? 
Palmltate 
Stearate ± 
"Osidase" (Glvcosldase) gallerv: 
a-D-Ga1actosldase 
0-D-Ga1actosldase 
Phospho-B-D-galactosldase 
a-L-Arablnosldase 
a-D-Glucosldase 
0-D-G1ucos1dase 
0-D-Ga1acturonohydrolase 
6-D-G1ucuron1dase 
a-Maltosldase 
6-Ma1tos1dase 
N-Acetyl-
a-D-glucosaminidase 
N-Acetyl-
0-D-g1ucosam1n1dase 
a-L-Fucosldase 
8-D-Fucosldase 
8-L-Fucos1dase 
8-D-Lactos1dase 
a-D-Mannosldase 
0-O-Mannos1dase 
+ 
+ 
+ 
+ 
2+ 
+ 
+ 
2+ 
+ 
+ 
+ 
+ 
+ 
+ 
2+ 
+ 
+ 
+ 
+ 
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Table B1 (continued) 
Enzyme Strain 
JRT 
Strain 
7LAT 
Strain 
5LA 
Strain 
A-2T 
Strain 
161T 
a-D-Xylosidase - - - - -
(hD-Xylosidase + - - ± + 
Standard API ZYM aallerv: 
Alkaline phosphatase 2+ - - 1+ 1+ 
04 esterase (butyrate) 1+ 1+ 3+ 2+ 4+ 
C8 esterase (caprylate) 3+ 2+ 1+ 2+ 4+ 
Lipase (myristate) ± ± - ± ± 
Leu aminopeptidase 2+ 1+ 2+ i 1+ 
Val aminopepetidase 1+ - - - -
Cys aminopeptidase - - - - -
Trypsin - - - - ± 
Chymotrypsin - - - - -
Acid phosphatase 3+ 1+ ± 1+ 3+ 
Phosphohydrolase - ± - - -
a-Galactosidase 3+ 1+ ± 1+ 2+ 
G-Qalactosidase 4+ ± - 3+ 5+ 
^-Glucuronidase - - - - 5+ 
a-Qlucosidase 4+ 3+ 4+ 3+ 3+ 
0-G1ucos1dase 1+ - - 1+ 4+ 
N-Acety1-0-g1ucosam1ni dase ± - - - -
a-Mannosidase - - - - -
a-Fucosidase - - - - -
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APPENDIX C: STIMULATION OF GROWTH OF ANAEROPLASHA SPP. 
BY VARIOUS CARBON SOURCES 
Although all Anaeroplasma spp. are stimulated by soluble starch. 
Initial reports indicated that some strains were not stimulated by 
glucose or maltose (Robinson, 1979; Robinson and Allison, 1975). 
Therefore, as a prelude to the studies of carbohydrate metabolism in the 
present investigation, three Anaeroplasma spp. were tested for 
stimulation of growth by various mono-, di-, and oligosaccharides, and 
carbohydrate polymers. 
Anaeroplasmas can be cultivated in completely defined media; 
peptones and yeast extract are replaced by amino acids and/or vitamins 
(Robinson, 1979). In the present Investigation, growth of anaeroplasmas 
in a similar medium wais poor, and the medium was easily oxidized because 
of the absence of a variety of oxygen-scavenging compounds that are 
present in peptones and yeast extract. Therefore, the carbon-source 
studies were performed with a semi-defined medium based on a modification 
of medium D of Robinson (1979) (Table CI). 
The data in Table 02 show that all three Anaeroplasma spp. were 
stimulated by soluble starch and glycogen as well as glucose and 
oligosaccharides (maltose, maltotrlose, maltoheptaose, o-cyclodextrin, 
and B-cyclodextrin) with the a-1,4 glucosidic linkage. The stimulatory 
properties of the other carbon sources were mixed. 
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Table Cl. Semi-defined medium for the determination of stimulatory 
properties of various carbon sources on Anaeroplasma spp. 
Inqredlent Amount 
Carbon source* 0.2 g 
Mineral solution lb 3.75 ml 
Mineral solution 2® 3.75 ml 
Yeast extract 0.1 g 
Volatile fatty acldsd 0.31 ml 
Cystelne'HCl•H20 0.05 g 
Resazurin solution® 0.1 ml 
Lipids solution? 3.0 ml 
NazCOa solutions 5.0 ml 
H2O 100.0 ml 
^Except for starch and glycogen, carbon sources were filter-
sterilized and added to the medium after autoclavlng. The medium was 
prereduced and anaeroblcally sterilized under CO2 as described by 
Robinson (1979) and In Appendix A (Table A1). 
^Mineral solution 1 (g/1): K2HPO4, 6.0. 
^Mineral solution 2 (g/1): KH2PO4, 6.0; NaCl, 12.0; NazSOi, 6.5; 
CaCl2*2H20, 1.2; MgCl2, 0.61. 
^Volatile fatty acid solution (ml of Individual ac1d/l of 
solution): acetic, 548; propionic, 194; n-butyr1c, 129; n-valer1c, 
32; Isovaleric, 32; Isobutyric, 32; DL-a-methylbutyrIc, 32. 
GResazurln solution, 1.0 g/1. 
fllplds solution: 10 mg of cholesterol (analytical grade) was 
placed In 5 ml of ethanol; the tube was stoppered and placed at 55°C 
until the cholesterol was dissolved. Fifty mg of phosphatidylcholine 
In chloroform (Sigma P-6263) were flushed with N2 until the chloroform 
evaporated; the lipid was taken up In 2 ml of ethanol, and 1 ml of the 
cholesterol solution was added to make the complete lipids solution. 
SNawCOa, 8.0 g/1. 
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Table C2. Stimulatory properties of various carbon sources on the 
growth of three Anaeroplasma spp.* 
Anaaroplasma Anaeroplasma Anaeroplasma 
Carbon source bactoclastlcum intermedium varium 
JRT 5LA A-2T 
Glycerol _b - -
Glucose 4+ 4+ 1+ 
G1 ucose-1-phosphate 2+ - 1+ 
G1ucose-6-phosphate 1+ - 1+ 
Fructose 1+ - -
Maltose 4+ 3+ 4+ 
Ce11obiose 1+ - 3+ 
Sucrose 1+ - 1+ 
Isomaltose - 2+ -
Maltotriose 4+ 2* 4+ 
Maltoheptaose 4+ 2+ 4+ 
a-Cyclodextrin 1+ 3+ 2+ 
B-Cyc1odextrin 1+ 3+ 2+ 
Soluble starch 4+ 3+ 3+ 
Glycogen 3+ 3+ 4+ 
*Each strain was passed three times (48-h incubation/passage) 
through the semi-defined medium (Table CI) supplemented to 0.2% with 
the indicated carbon source. 
bpesults are based on viable counts of the third passage after 
48-h incubation. Viable counts for each carbon source were compared 
with counts of basal medium without supplementary carbon source: 
- = no stimulation; 1+ = 2-10x viable count of basal medium; 
2+ = lO-IOOx viable count of basal medium; 3+ = 100-1000x viable 
count of basal medium; 4+ = 1000-6000% viable count of basal medium. 
